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ABSTRACT 
Overconsumption of energy during the dry period has been linked to metabolic disorders 
during early lactation. Controlled energy, high fiber diets during the dry period have been shown 
to decrease postpartal body lipid mobilization, concentrations of non-esterified fatty acids 
(NEFA) and β-hydroxybutyrate (BHB) in blood, and lipid infiltration of liver. It is not known, 
however, whether these diets alter metabolism in healthy cows or act in some other manner to 
lessen the likelihood of developing metabolic disorders. The aim of the study was to assess the 
effects of energy intake during the dry period on production and metabolic responses of dairy 
cows. Thirty-eight multiparous Holstein cows dried-off 50 d before calving were blocked by 
parity, body weight (BW), body condition score (BCS), and previous lactation 305-d milk yield, 
and then randomly assigned to 1 of 3 dietary treatments during the dry period. Treatments were 
1) a controlled energy (CE; n = 17) high-fiber diet (1.39 Mcal of net energy for lactation (NEL) 
per kilogram of dietary dry matter (DM)) formulated to supply 100% of NEL requirements at ad 
libitum intake, 2) a higher-energy diet (NEL = 1.58 Mcal/kg) fed for ad libitum intake (HE; n = 
11) to supply ~150% of NEL requirements, or 3) the same higher energy diet fed at restricted 
intake (RE; n = 10) to supply 80% of NEL requirements. After calving all cows were fed the 
same lactation diet. Cows were individually fed and remained in the study until 28 d after 
calving. Body weight and BCS were measured weekly. Milk yield and dry matter intake (DMI) 
were recorded daily. Milk samples collected twice weekly were analyzed for fat, protein, lactose, 
urea nitrogen, and somatic cell count. Cows received an intravenous glucose tolerance test 
(GTT) on d −8 ± 4 and 8, and an insulin challenge (IC) on d −6 ± 3 and 6 relative to parturition. 
Blood samples obtained at −30, −15, −5, 5, 10, 15, 30, 60, and 120 min relative to administration 
of glucose or insulin were analyzed for concentrations of glucose, insulin, and NEFA. Blood 
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samples collected 5 d before and 5 d after calving were analyzed for glucose, insulin, NEFA, 
BHB, calcium, and magnesium. Data were analyzed using the MIXED procedure of SAS. Two 
analyses were conducted: the first analysis was carried out on cows that remained healthy 
postpartum, whereas the second analysis included healthy and non-healthy cows. Cows were 
classified as non-healthy if they experienced displacement of abomasum, retained placenta, 
metritis, or milk fever. Results of the first analysis indicated that cows fed ad libitum (CE and 
HE) had greater DMI, NEL intake, and energy balance (EB) during the dry period than cows 
subjected to restricted intake. Consequently, BW gain was greater in cows fed at ad libitum than 
restricted intake, but changes in BCS were not observed. Postpartum DMI, NEL intake, EB, BW, 
BCS, production responses, and blood metabolites were not affected by dry period dietary 
treatment. The area under the curve (AUC) for glucose after GTT prepartum, IC prepartum, and 
IC postpartum did not differ among treatments. However, the AUC for insulin after IC prepartum 
and GTT postpartum was greater in cows fed RE than HE. This suggested lower insulin 
sensitivity and unaltered insulin responsiveness in cows fed restricted amounts. Compared to CE, 
cows fed HE had greater AUC for glucose but no difference in AUC for insulin after GTT 
postpartum. This indicated lower glucose clearance and lower insulin responsiveness in HE. 
Results of the second analysis suggested that cows fed HE had greater NEL intake and EB 
throughout the dry period than CE, but no differences were observed in DMI. Dry period dietary 
treatments affected intakes of DM and NEL as well as BCS and changes in BW and BCS 
postpartum. Cows fed CE while dry tended to have greater postpartum DMI and NEL intake, and 
significantly lower BCS but lesser changes in BCS and BW at 28 DIM. Milk production and 
composition were not affected by dry period dietary treatments. Cows with greater BW at dry-off 
were more likely to experience disease and had poor performance postpartum. Cows that 
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experienced disease had lower DMI, NEL intake, and EB along with greater loss of BW and 
BCS, and lower BCS postpartum. However, among cows that experienced disease postpartum, 
those fed CE during the dry period had greater postpartum intakes of DM and NEL than those fed 
HE. Additionally, cows that experienced disease postpartum had significantly lower yields of 
milk, 3.5% fat corrected milk, and energy corrected milk, as well as lower concentrations and 
yields of protein and lactose. The findings of the present study suggest that production and 
metabolic responses were not affected by dry period energy intake in cows that remained 
healthy. However, in the presence of disease cows fed CE performed better than cows fed HE. 
 
Key words: dry cow; transition period; energy intake; insulin resistance 
  
v 
TABLE OF CONTENTS 
 
LIST OF ABBREVIATIONS……………………………………………………………….. 
 
vi 
INTRODUCTION…………………………………………………………………………… 
 
1 
CHAPTER 1. Literature review……………………………………………………………... 
 
4 
CHAPTER 2. Dry period plane of energy: Effects on feed intake, energy balance, milk 
production, and blood metabolites near parturition of healthy cows postpartum.…...……… 
 
 
37 
CHAPTER 3. Dry period plane of energy: Effects on insulin sensitivity and insulin 
responsiveness in cows that remained healthy postpartum..............………………………… 
 
81 
CHAPTER 4. Dry period plane of energy: Effects on feed intake, energy balance, milk 
yield, and milk composition of healthy cows or cows that experienced disease…………….. 
 
111 
CHAPTER 5. Summary, conclusions, and perspective…….…..……………………………. 
 
156 
  
vi 
LIST OF ABBREVIATIONS 
 
ADF acid detergent fiber 
Akt/PKB Akt/protein kinase B  
AUC area under the curve  
BCS body condition score  
BHB beta-hydroxybutyrate  
BW body weight  
°C degrees celsius 
Ca calcium 
CE controlled energy  
cm centimeter 
CP crude protein 
Cu copper 
d day 
DCAD dietary cation-anion difference 
DIM days in milk 
dL deciliter 
DM dry matter 
DMI dry matter intake 
EB energy balance 
EBPOST postpartum energy balance 
EBPRE prepartum energy balance 
ECM energy corrected milk  
EDTA thylenediaminotetraacetate 
ERK extracellular signal-related kinase  
FCM fat corrected milk  
Fe iron 
g gravity 
GLUT glucose transporter  
GTT glucose tolerance test  
h hour 
HE higher-energy  
HEC hyperinsulinemic-euglycemic clamp  
IC insulin challenge  
IL interleukin 
IR insulin receptor  
IRS insulin receptor substrate family  
IVTD In vitro true digestibility 
JNK c-jun N-terminal protein kinase 
vii 
K potassium 
kg kilogram 
L liter 
LSMEANS least-squares means 
MAPK mitogen-activated protein kinase  
Mcal megacalorie 
Mg magnesium 
mg milligram  
min minute 
mL milliliter 
mm millimeter 
mmol millimole 
Mn manganese 
Mo molybdenum 
MUN milk urea nitrogen  
n number of experimental units 
N nitrogen 
Na sodium 
NAAC negative area above the curve 
NDF neutral detergent fiber  
NDFD neutral detergent fiber digestibility  
NEFA non-esterified fatty acids 
NEI net energy intake 
NEL net energy required for lactation 
NELAC net energy required for lactation 
NEM net energy required for maintenance  
NEP net energy required for pregnancy 
NFC non-fiber carbohydrate 
NRC National Research Council 
P phosphorus 
PI3K phosphoinositide 3-kinase  
PIAUC positive incremental area under the curve  
PtdIns 3' hydroxyl of phosphatidylinositols 
RDP rumen degradable protein 
RE restricted intake 
RNA ribonucleic acid 
RQUICKI revised quantitative insulin sensitivity check index  
RUP rumen undegradable protein 
S sulfur 
viii 
SAS Statistical Analysis System 
SCC somatic cell count  
SEM standard error of the mean 
SGLT sodium-dependent glucose transporter 
SSGIR steady-state glucose infusion rate  
SSIC steady-state insulin concentration  
TDN total digestible nutrients 
THI temperature humidity index 
TMR total mixed ration  
TNF-α tumor necrosis factor alpha 
U unit 
wk week 
yr year 
Zn zinc 
μIU micro international units 
 
 
1 
INTRODUCTION 
 
The transition period encompasses the last 3 wk of gestation through the first 3 wk of 
lactation (Grummer, 1995; Drackley, 1999). This period is characterized by an orchestrated 
series of changes in the endocrine and metabolic status that allow cows to adapt to the sudden 
transition from non-lactating to lactating stage (Bauman and Currie, 1980). Inability to adapt to 
the homeorhetic events that take place during the transition period can result in unsuccessful 
transition characterized by a range of inter-related metabolic disorders and infectious diseases, 
which lead to poor reproductive performance, decreased production, and ultimately high rates of 
culling in early lactation. 
Energy intake during the dry period has been linked to metabolic diseases and poor 
performance during the periparturient period (Rukkwamsuk et al., 1999a; Drackley et al., 2005). 
Consequently, different nutritional strategies have been evaluated in order to diminish metabolic 
disorders and improve performance in periparturient cows. Feeding moderate to high energy 
diets has been associated with increased energy intake and energy balance, increased glucose and 
insulin concentrations, and decreased body fat mobilization before parturition (Doepel et al., 
2002; Rabelo et al., 2003; Janovick et al., 2011). However, no significant advantage in health or 
production has been reported (Agenas et al., 2003; Janovick et al., 2011; Mann et al., 2015a). On 
the other hand, controlled energy intake either by formulation of high-fiber low-energy diets or 
restricted feeding during the dry period has shown positive effects on dry matter intake (DMI) 
and improved health resulting from decreased concentrations of non-esterified fatty acids 
(NEFA), beta-hydroxybutyrate (BHB), and hepatic lipid postpartum (Douglas et al., 2006; 
Janovick et al., 2011; Mann et al., 2015a). 
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Regardless of the nutritional strategy, cows that arrive overweight to the dry period or 
those that consume energy beyond their requirements during the dry period are prone to suffer 
turbulent transitions. Cows with excessive body condition (BCS ≥ 3.5 on a 1 to 5 scale) 
experience severe and rapid fat mobilization from adipose tissue, which increases risk for hepatic 
lipidosis and ketosis (Grummer, 1993), displacement of abomasum (Cameron et al., 1998; 
Ingvartsen, 2006), and poor reproductive performance (Roche, 2006). Excessive body fat 
mobilization increases the release of NEFA and proinflammatory cytokines (TNF-α, interleukin-
6, monocyte chemoattractant protein-1) that contribute to insulin resistance and other metabolic 
disorders (Hotamisligil et al., 1995; Ohtsuka et al., 2001; Contreras and Sordillo, 2011). A state 
of insulin resistance occurs wherever a normal concentration of insulin produces a less than 
normal biological response in the insulin-sensitive tissues (Kahn, 1978; Rizza et al., 1981). 
Insulin resistance can be classified as being the result of decreased insulin sensitivity, decreased 
insulin responsiveness, or a combination of both (Kahn, 1978; Rizza et al., 1981). The 
intravenous glucose tolerance test (GTT) and intravenous insulin challenge (IC) are practical 
methods to assess insulin resistance in dairy cows (Ferrannini and Mari, 1998; Muniyappa et al., 
2008). In addition to GTT and IC, indexes (HOMA-IR, QUICKI, and RQUICKI) to estimate the 
degree of insulin resistance have been developed in human medicine and have subsequently been 
implemented in veterinary medicine (Holtenius and Holtenius, 2007; Muniyappa et al., 2008). 
The aim of the present study was to assess the effect of energy intake during the dry 
period on the performance of cows during the periparturient period. Multiparous Holstein cows 
were fed from dry-off to parturition a controlled energy (CE) diet at ad libitum intake or a high-
energy diet at either ad libitum (HE) or restricted intake (RE). After parturition, all cows were 
fed a common lactation diet until d 28. The specific objectives of the study were to: 
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1. Assess the effects of feeding a CE diet at ad libitum intake or a HE diet at either ad 
libitum or restricted intake (RE) during the dry period on feed intake, energy balance, 
milk production, and blood metabolites near parturition of healthy cows postpartum. 
Healthy cows postpartum, that is, free of displacement of abomasum, retained placenta, 
metritis, and milk fever, were selected to avoid the confounding effects of the 
aforementioned disorders on performance of the cows. 
2. Determine insulin sensitivity and insulin responsiveness measured by the area under the 
curve (AUC) and the revised quantitative insulin sensitivity check index (RQUICKI) 
after GTT and IC both prepartum and postpartum in dairy cows fed a CE diet at ad 
libitum intake or a HE diet at either ad libitum or RE during the dry period and that 
remained healthy postpartum. Healthy cows postpartum were selected to avoid the 
confounding effects of the aforementioned disorders with insulin sensitivity and insulin 
responsiveness determined after GTT and IC. 
3. Evaluate the effects of feeding CE or HE diets at ad libitum intake during the dry period 
on feed intake, energy balance, milk yield, and milk components of healthy cows and 
those that experienced disease (displacement of abomasum, retained placenta, metritis, 
and milk fever) postpartum. 
  
4 
CHAPTER 1 
LITERATURE REVIEW 
 
Approaches in the Nutritional Management of the Dry Cow 
 Because of the relatively low nutritional requirements of the dairy cow during the dry 
period, nutritional management during this time often has been set aside as less important 
(Drackley, 2011). However, many significant events occur during the dry period including fetal 
growth, mammary gland involution, and changes in the endocrine system. Boutflour (1928) was 
one of the first to recognize the importance of dry cow management as a time to “steam up” or 
prepare the cow for her subsequent lactation. This concept led to the development and 
assessment of different nutritional strategies for the dry period. 
One common approach has been to divide the nutritional management of the dry period 
into a “far-off” (from dry-off to approximately 3 wk before parturition) and a “close-up” period 
(3 wk before parturition to parturition) as a possible solution to decrease incidence of health 
problems around calving. Nutritional requirements during the far-off period are fairly simple and 
easy to meet if dry matter intake (DMI) is adequate (NRC, 2001). However, during the close-up 
period the cow experiences marked physiological and metabolic changes in preparation for 
parturition and the onset of lactation (Grummer, 1995; Drackley, 1999). Consequently, 
nutritional requirements increase with demands of the growing fetus and mammary gland 
(Bauman and Currie, 1980; Bell, 1995b). The far-off, close-up feeding approach consists of 
feeding a high fiber, low energy diet during the far-off period to avoid excessive weight gain 
during the dry period, followed by a higher energy “steam up” diet during the close-up period. 
This strategy was enthusiastically adopted as research showed increased energy intake and 
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energy balance, increased glucose and insulin concentrations, and decreased body fat 
mobilization before calving (Rabelo et al., 2001; Doepel et al., 2002; Rabelo et al., 2003). 
However, close-up diets have shown no advantages in decreasing health problems or improving 
production parameters, despite the increased energy intakes prepartum (Cameron et al., 1998; 
Janovick et al., 2011; Mann et al., 2015c). 
A different approach is to formulate diets of moderate energy density (1.50 – 1.60 Mcal 
NEL/kg of DM) and limit-feed it in amounts of dry matter (DM) that would meet the average 
Holstein cow or heifer requirement of 14 – 15 Mcal daily (Drackley, 2008). This practice does 
not intend to limit nutrient intake below the requirements of the cow. In research settings, 
restricted feeding has shown beneficial effects during the transition period. In an early study, 
Kunz et al. (1985) assessed the effects of different energy intakes before parturition on DMI, 
production, and blood hormones and metabolites. Cows fed ad libitum before parturition had a 
larger decrease in DMI prior to parturition than cows restricted to meet energy requirements. The 
restricted-fed cows had a faster increase in DMI and smaller energy deficiency and weight losses 
in early lactation. Holcomb et al. (2001) evaluated the effects of prepartum ad libitum or 
restricted DMI and forage content of the prepartum diet on postpartum performance of 
multiparous cows. Prepartum treatments did not affect postpartum DMI, milk yield, body weight 
(BW), BCS, or plasma glucose. Others who have evaluated restricted feeding during the dry 
period have found less DMI depression prior to parturition while increased DMI, BW, and BCS 
gains postpartum accompanied lower concentrations of NEFA and BHB in blood and lower 
hepatic lipid accumulation in restricted compared to ad libitum fed cows (Murondoti et al., 2004; 
Dann et al., 2005; Douglas et al., 2006; Hayirli et al., 2011). Winkelman et al. (2008) evaluated 
the effect of ad libitum or limited intake during the dry period and found that limit feeding had 
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little effect on intakes and milk production. However, limit-fed cows did not undergo the 
characteristic decline in DMI and energy balance (EB) as parturition approached (Winkelman et 
al., 2008). Successful implementation of this practice requires a high level of management and 
may work well in systems where dry cows are housed individually or where group-feeding 
systems allow an abundance of feeding space (Drackley, 2008).  
 An alternative nutritional approach for dry cows is to feed CE diets through formulation 
of high fiber, low energy diets. The idea behind CE is to formulate rations with relatively low 
density (1.30 – 1.38 Mcal NEL/kg of DM) and high fiber, which allows cows to consume free 
choice without greatly exceeding their daily energy requirements (Drackley and Dann, 2005). 
Application of this practice has been demonstrated to improve DMI after parturition and to 
decrease concentrations of NEFA, BHB, and hepatic lipid postpartum (Douglas et al., 2006; 
Janovick et al., 2011; Mann et al., 2015a). However, tendency for lower milk yield in early 
lactation (Janovick and Drackley, 2010) and lower peak yield but increased persistency (Kunz et 
al., 1985) have been reported. Additional advantages of feeding low energy, high fiber rations 
include decreased incidence of displaced abomasum resulting from greater rumen fill that is 
maintained for longer periods even if cows experience feed intake depression (Janovick and 
Drackley, 2010). Evidence exists that health events including milk fever, retained placenta, and 
ketosis decreased feeding low energy, high fiber diets (Drackley and Dann, 2005). The high 
fiber, low energy approach simplifies dry cow management avoiding social stress due to group 
changes (Cook and Nordlund, 2004) and a single group feeding instead of the two-phase group 
approach (Dann et al., 2006). 
 Although nutritional requirements during the dry period seem simple, the sudden 
transition from non-lactating to lactating state as well as the physiologic and metabolic processes 
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associated with it make the transition period an important stage of the production cycle of the 
dairy cow.  Consequently, research over the last 25 yr has placed much importance on nutritional 
management during the dry period with major emphasis in the transition period. Results have 
been summarized and discussed in several magnificent reviews (Bell, 1995b; Grant and Albright, 
1995; Grummer, 1995; Goff and Horst, 1997; Drackley, 1999; Ingvartsen and Andersen, 2000; 
Friggens et al., 2004; Grummer et al., 2004; Ingvartsen, 2006; Roche et al., 2013a). Despite the 
tremendous advances achieved so far, what is an optimal nutrition approach for dry cows 
remains inconsistent and the incidence of peripartal health problems in many dairy farms 
remains too high. Nevertheless, Drackley and Dann (2008) highlighted as reasonable goals for 
nutritional management of the dry period: (1) meeting the nutritional requirements for gestation 
and mammary development, (2) minimizing the risk for peripartal metabolic disorders and 
infectious diseases, (3) preparing the cow for high milk production and subsequent fertility, and 
(4) maximizing profit. 
 
Dry Matter Intake of Periparturient Cows  
Predicting voluntary DMI is complex and influenced by numerous factors including those 
related to the diet, management, housing, environment, and the animal. Such factors have been 
previously and extensively reviewed (Grant and Albright, 1995; Allen, 2000; Ingvartsen and 
Andersen, 2000; Hayirli et al., 2002). At the beginning of the transition period, 3 wk prior 
parturition, DMI start gradually declining reaching nadir at parturition (Ingvartsen and Andersen, 
2000). The extent of DMI decrease vary, but reduction of 10 to 40% have been reported (Grum 
et al., 1996; Grummer et al., 2004; Douglas et al., 2006). Hayirli et al. (2002) found that 
variation in prepartum DMI could be accounted for by day of gestation, animal factors such as 
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parity and BCS, and dietary factors including neutral detergent fiber (NDF), ether extract, rumen 
degradable protein (RDP), and rumen undegradable protein (RUP). Day of gestation, parity, 
BCS, NDF, ether extract, RDP, and RUP accounted for approximately 56, 10, 10, 15, 6, 1, and 
1% of the variation, respectively. After parturition, DMI gradually increases reaching peak 10 to 
14 wk postpartum, well after peak milk production that usually occurs between 4 and 8 wk 
postpartum (NRC, 2001). Consequently, negative EB begins shortly before parturition and may 
continue several weeks after parturition until DMI is high enough to meet energy requirements.  
Several factors regulate feed intake. Forbes (2000) indicated that feed intake is regulated 
by a series of negative feedback signals from the digestive tract, liver, adipose tissue, and other 
organs. Similarly, Ingvartsen and Andersen (2000) suggested that metabolic signals such as 
nutrients, metabolites, reproductive hormones, stress hormones, leptin, insulin, gut peptides, 
cytokines, and neuropeptides play a role in feed intake regulation. Prepartum BCS was related to 
prepartum and postpartum DMI, as Grummer (1995) reported correlation coefficients of −0.25 
and −0.45 for prepartum BCS and DMI at 1 d prepartum and 21 d postpartum, respectively. 
Similarly, Hayirli et al. (2002) reported that BCS was inversely related to DMI and appetite of 
obese dairy cows. Obese cows (BCS > 4.0) were prone to mobilize body reserves to a greater 
extent and more rapidly than cows with lower BCS, and in turn were more susceptible to fatty 
liver and ketosis (Grummer, 1993; Roche et al., 2013b; Roche et al., 2015). Likewise, Ingvartsen 
et al. (1995) reported a positive relation between prepartum BW gain and lipid mobilization 
postpartum in dairy cows as well. Therefore, over-conditioning in the dry period predispose 
cows to severe negative EB postpartum due to pronounced decrease in DMI. 
Heat stress negatively impacts feed intake, production, and overall cow performance. The 
thermoneutral zone of dairy cattle is about 5 to 20°C; temperatures below or above this range 
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alter behavioral and metabolic responses (NRC, 2001). Besides the increase of 7 to 25% in net 
energy requirement for maintenance (NRC, 1981), an increase in ambient temperature above the 
thermoneutral zone suppresses DMI (approximately 30%) and NEL intake, which combine to 
decrease milk production (Holter et al., 1997). A temperature humidity index (THI) value ≥ 72 
has been generally accepted as the upper threshold of the comfort zone for dairy cows. However, 
Zimbelman et al. (2009) observed adverse effects at lower THI values and proposed 68 as the 
new upper threshold THI for modern high producing dairy cows.  
 
Physiological Changes during the Transition Period 
The periparturient or transition period, typically defined as the 3 wk before and after 
calving (Grummer, 1995; Drackley, 1999), encompasses the close-up period as well as early 
lactation. This period is characterized by an orchestrated series of changes in the endocrine and 
metabolic statuses that allow cows to adapt to the sudden transition from non-lactating to 
lactating stage. Concentration of insulin decreases and growth hormone concentration increases 
as cows approach parturition (Kunz et al., 1985). Plasma thyroxine and 3, 5, 3’-triiodothyronine 
concentrations gradually increase during late gestation, rapidly decrease towards calving, and 
gradually increase in lactation (Kunz et al., 1985). Estrogen, primarily of placental origin, 
increases in plasma during late gestation but decreases immediately at calving (Chew et al., 
1979). Progesterone concentration during the dry period is elevated for maintenance of 
pregnancy but declines rapidly, approximately 2 d before calving (Chew et al., 1979). 
Glucocorticoid and prolactin concentrations increase on the day of calving and return to near 
prepartum concentrations the following day (Edgerton and Hafs, 1973). 
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The significant changes in endocrine status, increased nutrient demands, and decreased 
DMI during late gestation (in some cases 10 to 30% compared with intake during the early far-
off period) influence metabolism and promote fat mobilization from adipose tissue and glycogen 
from the liver (Grummer et al., 2004; Drackley et al., 2005). Consequently, plasma NEFA 
increase two-fold or more between 2 to 3 wk prior to parturition, peak at parturition, and 
gradually decrease during lactation (Bertics et al., 1992; Vazquez-Añon et al., 1994; Grum et al., 
1996). Blood calcium decreases during the last few days before calving due to the loss of 
calcium for the formation of colostrum (Goff and Horst, 1997). Plasma glucose concentrations 
remain stable or increase slightly during the prefresh transition period, increase dramatically at 
calving, and then decrease immediately postpartum (Kunz et al., 1985; Vazquez-Añon et al., 
1994). The transient increase at calving may result from increased glucagon and glucocorticoid 
concentrations that promote depletion of hepatic glycogen stores. Although the demand for 
glucose by mammary tissue for lactose synthesis continues after calving, hepatic glycogen stores 
begin to replete and are increased by d 14 postpartum (Vazquez-Anon et al., 1994). This 
probably reflects an increase in hepatic gluconeogenic capacity to support lactation. 
The immunologic status of the cow is compromised during the transition period. 
Neutrophil and lymphocyte function is decreased and plasma concentrations of other 
components of the immune system are decreased (Goff and Horst, 1997). It is not known why 
immune function is dysregulated but it may be related to the nutritional and physiologic status of 
the cow. Estrogen and glucocorticoids are immunosuppressive agents and they increase in 
plasma as parturition approaches (Goff and Horst, 1997). Intake of vitamins A and E and other 
nutrients essential for immune function may be decreased as DMI is reduced during the 
periparturient period (NRC, 2001). 
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Inability to adapt to homeorhetic processes that take place during the transition period 
can result in unsuccessful transition characterized by a range of inter-related metabolic disorders 
and infectious diseases, which lead to poor reproductive performance, decreased production, and 
ultimately high rates of culling in early lactation. 
 
Sources and Metabolism of Glucose 
Glucose is a universal fuel that can be used in energy metabolism and synthesis pathways 
of all mammalian cell types. Certain cell types and tissues including brain, erythrocytes, kidney, 
and mammary tissue have an obligatory requirement for glucose as a substrate (Aschenbach et 
al., 2010). Therefore, maintenance of blood glucose concentrations within normal physiologic 
ranges is of great importance. The metabolism of glucose in ruminants, compared to other 
mammals, is characterized by low peripheral glucose concentrations (Bell, 1995a; Drackley et 
al., 2001) and low insulin response of the peripheral tissues (Bell and Bauman, 1997; Hayirli, 
2006). Glucose metabolism is regulated by the supply and removal of glucose and glucogenic 
precursors in the blood and is strongly controlled by different hormones. 
Humans and most other nonruminant species rely on intestinal glucose absorption as an 
exogenous supply of glucose (Aschenbach et al., 2010). Ruminants, on the other hand, absorb 
small amounts of glucose in the small intestine and depend on hepatic and renal gluconeogenesis 
to meet their metabolic demand for glucose (Overton et al., 1999). Endogenous and exogenous 
substrates are used for the synthesis of glucose in times of low glucose supply or increased 
glucose demand. The short-chain fatty acids propionate, isobutyrate, and valerate, which 
originate from microbial fermentation of carbohydrates in the feed, are the main contributors to 
gluconeogenesis (Drackley et al., 2001). Important substrates for hepatic gluconeogenesis and 
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their contribution rate, in the order of hepatic uptake, are propionate (60 to 74%), lactate (16 to 
26%), alanine (3 to 5%), valerate and isobutyrate (5 to 6%), glycerol (0.5 to 3%), and other 
amino acids (8 to 11%) (De Koster and Opsomer, 2013). The proportions of exogenous 
substrates used for gluconeogenesis depend on their absorption rates from the gastrointestinal 
tract. On the other hand, contribution of endogenous glucogenic precursors such as glycerol and 
lactate increases during energy deficiency and associated lipid mobilization. 
Lactate can originate from endogenous or exogenous sources. Diets with high starch 
content promote a shift from cellulolytic to amylolytic bacteria populations, which is responsible 
for the production of lactate in the rumen (Goff and Horst, 1997). However, over-production of 
lactate may become detrimental to the health of the cow because of its low pKa and associated 
higher risk of sub-clinical or clinical ruminal acidosis. Anaerobic oxidation of glucose in skeletal 
muscles and other peripheral tissues is another source of lactate (De Koster and Opsomer, 2013). 
During early lactation the expression of lactate dehydrogenase, the enzyme responsible for 
converting pyruvate into lactate, is upregulated, whereas the expression of the main enzymes of 
the citric acid cycle are downregulated in skeletal muscle (De Koster and Opsomer, 2013). This 
indicates that glucose catabolism in skeletal muscle is directed toward lactate production, 
indirectly supporting gluconeogenesis. At the end of pregnancy, the uterus and placenta also are 
important sources of lactate (Bell, 1995a); therefore, the relative contribution of lactate in hepatic 
gluconeogenesis is maximal at the end of pregnancy and during early lactation. 
During lipid mobilization, NEFA and glycerol are released into the bloodstream. As 
concentration of NEFA in blood increases, NEFA can be taken up by the liver. In the liver, 
NEFA can be either completely oxidized to provide energy for the liver, partially oxidized to 
produce ketone bodies that are released into the blood and serve as fuels for other tissues, or 
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reconverted to triacylglycerol (Drackley et al., 2005). Glycerol, on the other hand, can be used in 
the gluconeogenic pathway. Contribution of glycerol to gluconeogenesis depends on the size of 
the fat depots and the degree of fat mobilization, and is thus directly related to the degree of 
negative energy balance (Drackley et al., 2001). 
Amino acids from body and feed protein constitute another source for gluconeogenesis. 
Except for leucine and lysine, which are ketogenic, all amino acids can contribute to net glucose 
synthesis. Alanine and glutamine make the greatest contribution, together accounting for 40 to 
60% of the glucogenic potential of all amino acids (Drackley et al., 2001). During early lactation, 
there was no evidence of greater contribution of amino acids, other than alanine, to glucose 
synthesis (Reynolds et al., 2003). During this time, mobilized body protein is mainly directed to 
milk protein synthesis and not used to maintain normal glucose concentration. Thus, cows in the 
early postpartum period will increase the relative contribution of lactate, glycerol, and alanine 
(but not other amino acids) to total hepatic glucogenic substrate uptake (Aschenbach et al., 
2010). 
Glycogen stores in the liver and skeletal muscles provide a store of glucose in the body of 
the dairy cow. In periods of low glucose availability or high glucose requirements, such as at the 
end of pregnancy and in early lactation, these stores can be mobilized. Only the glycogen stores 
in the liver can directly support blood glucose concentrations, because the liver is able to convert 
glucose-6-phospate into glucose (Aschenbach et al., 2010; De Koster and Opsomer, 2013). 
Skeletal muscles lack the enzyme, glucose-6-phosphatase, necessary for this conversion, and 
therefore glycogen stores from skeletal muscle do not directly contribute to blood glucose 
(Aschenbach et al., 2010; De Koster and Opsomer, 2013). Because of the limited size of 
glycogen stores in the liver, this glucose reserve is regarded as a minor contributor to the overall 
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blood glucose regulation at the end of pregnancy and at the beginning of lactation (Drackley et 
al., 2005). Glycogenolysis and glycolysis in skeletal muscle are upregulated at the initiation of 
lactation. As stated earlier, in this period the oxidation of glucose in skeletal muscle is shifted in 
the direction of lactate. Because lactate can be converted to glucose by the liver, this shift in 
glucose metabolism within the skeletal muscle means that the muscular glycogen stores 
contribute indirectly to blood glucose concentrations (Kuhla et al., 2011). 
 
Glucose Uptake 
Glucose cannot pass the plasma membrane surrounding cells (Shepherd and Kahn, 1999). 
Consequently, glucose transport across the plasma membrane of mammalian cells is carried out 
by facilitated diffusion and cotransport mechanisms (Ostrowska et al., 2015). Cotransport is 
mediated by sodium-dependent glucose transporters (SGLT), and is driven by a difference in 
sodium concentration between the intracellular and extracellular fluid (De Koster and Opsomer, 
2013). The SGLT are located on the epithelial cells of the small intestine and the tubular cells of 
the kidney (Shepherd and Kahn, 1999; Zhao and Keating, 2007). However, most cells take up 
glucose by facilitated diffusion via glucose transporter (GLUT) molecules. The uptake of 
glucose through GLUT is basically driven by the difference in glucose concentration between the 
extracellular and intracellular fluid (Zhao and Keating, 2007). There are 13 different isoforms of 
GLUT, all of them having a specific tissue distribution, expression profile, and properties 
regarding sensitivity to hormones (De Koster and Opsomer, 2013; Ostrowska et al., 2015). The 
GLUT1 molecule is expressed in all tissues throughout the body and is responsible for basal 
glucose uptake (Zhao and Keating, 2007). The GLUT2 is predominant in liver, kidney, and 
pancreas; GLUT3 in brain and placenta; GLUT4 in adipose tissue, skeletal muscle, and heart 
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muscle; and GLUT5 in small intestine (Hayirli, 2006). Of all the GLUT molecules, GLUT4 is 
the only one responsible for insulin-stimulated glucose uptake in skeletal muscle, heart, and 
adipose tissue (Duhlmeier et al., 2005; Zhao and Keating, 2007). Skeletal muscle, mammary 
gland, and gravid uterus are quantitatively the most important glucose consuming tissues. In the 
mammary gland, glucose uptake is regulated by GLUT1 (most predominant), GLUT8, GLUT12, 
and SGLT2 (Zhao and Keating, 2007; Ostrowska et al., 2015). 
 
Insulin Resistance, Insulin Secretion, and Diabetes Mellitus 
A state of insulin resistance occurs wherever a normal concentration of insulin produces a 
less than normal biological response in the insulin-sensitive tissues (Kahn, 1978). Insulin 
resistance can be classified as being the result of decreased insulin sensitivity, decreased insulin 
responsiveness, or a combination of both (Kahn, 1978; Rizza et al., 1981). Decreased 
responsiveness, a downward shift of the insulin dose-response curve (Figure 1.1), takes place 
when the maximal response to insulin is decreased (Kahn, 1978; Rizza et al., 1981). Decreased 
sensitivity, a rightward shift of the insulin dose-response curve (Figure 1.1), is manifested when 
the amount of insulin necessary to achieve half-maximal effect is increased (Kahn, 1978; Rizza 
et al., 1981). Insulin resistance can take place in the entire organism, certain tissues, or specific 
pathways (Kahn, 1978). 
Diabetes mellitus is a metabolic condition characterized by hyperglycemia, resulting 
from abnormal insulin secretion, insulin action, or both (American Diabetes, 2010). Insulin 
secretion is determined by the secretory capacity of the pancreas in response to a factor that 
stimulates insulin secretion (De Koster and Opsomer, 2013). Insufficient insulin secretion and 
decreased tissue responses to insulin lead to diminished insulin action (American Diabetes, 
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2010). Diabetes mellitus is manifested commonly as 1 of 2 types. Type 1 diabetes arises from 
destruction of the β cells of the pancreas resulting in an absolute insulin deficiency, but normal 
insulin sensitivity and responsiveness can take place (American Diabetes, 2010). Type 2 diabetes 
is caused by a combination of insulin resistance and a relative deficiency of insulin secretion 
(American Diabetes, 2010). In the early stages of type 2 diabetes mellitus, the pancreas reacts to 
the insulin resistance state by increasing the secretion of insulin, resulting in a hyperinsulinemia 
state. If insulin resistance is not diminished, the pancreas may become exhausted, which may 
lead to β cells failing to compensate for the increased insulin resistance. Relative to the degree of 
insulin resistance, the pancreas cannot produce enough insulin (relative insulin deficiency) and 
concentrations of glucose in blood rise, thus leading to development of type 2 diabetes (De 
Koster and Opsomer, 2013). In type 2 diabetes, insulin secretion can be normal but is insufficient 
to compensate for the higher degree of peripheral insulin resistance. 
 
Insulin Signaling Pathways 
The insulin signaling cascade (Figure 1.2) begins with the binding of insulin to the alpha 
subunit of the insulin receptor (IR). This leads to conformational changes and activation of the 
beta subunit, a tyrosine kinase (DeFronzo, 2015). Activated tyrosine kinase leads to the 
phosphorylation of insulin receptor substrates (IRS) family (IRS 1-4) as well as other related 
proteins that in turn interact with effector proteins (Patti and Kahn, 1998). The IRS family 
proteins initiate numerous downstream signaling cascades including the phosphoinositide-3-
kinase (PI3K) pathway (White, 1998). The PI3K catalyzes the phosphorylation of the 3' hydroxyl 
group of phosphatidylinositol (PtdIns), which serves as substrates for PI3 kinase. The PI3 
pathway activation leads to activation of Akt/protein kinase B (Akt/PKB) and protein kinase C 
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(Standaert et al., 1997). The PI3K is involved in glycogen synthesis, protein synthesis, lipolysis, 
glucose uptake, membrane trafficking, cytoskeletal arrangement, and apoptosis. Another 
pathway activated is mitogen-activated protein kinase (MAPK), which comprises c-jun N-
terminal protein kinase (JNK) pathway, extracellular signal-related kinase (ERK), and p38 
pathways (Lowenstein et al., 1992; Skolnik et al., 1993). Activation of MAPK pathways leads to 
phosphorylation of many downstream substrates involved in gene transcription, cell survival, and 
proliferation. There are numerous regulators involved in the insulin signaling cascade. 
Disruption in the signaling cascade leads to several metabolic, endocrine, and cardiovascular 
disorders. Specifically, dysregulation of this signaling cascade leads to insulin resistance. 
Dysregulation of insulin signaling can occur at any level, for example mutation or degradation of 
the IR (McElduff et al., 1984; Imamura et al., 1994), degradation or inhibition of 
phosphorylation of IRS (most common; (Zick, 2005; Herschkovitz et al., 2007), and suppression 
of downstream molecules such as PI3K (Taylor and Arioglu, 1998). Inflammatory pathways can 
also lead to insulin resistance; for example, TNF-α can be activated via its receptor and initiate 
the JNK pathway, which in turn increases IRS phosphorylation and decreases AKT 
phosphorylation, all of which deteriorate insulin signaling (Hotamisligil et al., 1995; Hotamisligil 
et al., 1996). 
 
Effect of Insulin Resistance in Peripheral Tissues 
Insulin plays a major role in the regulation of carbohydrate, fat, and protein metabolism. 
The classical target organs for insulin action are muscle, adipose tissue, and liver. In dairy cows, 
insulin-stimulated glucose uptake is probably the most intensively studied metabolic pathway. 
During the transition period, important pathways that have an altered insulin response are 
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glucose uptake by skeletal muscle and adipose tissue, lipogenesis and lipolysis in adipose tissue, 
gluconeogenesis in the liver, and protein metabolism of skeletal muscle. 
Skeletal muscles account for most of the insulin-stimulated whole-body glucose uptake, 
thus glucose uptake in adipose tissue is limited. However, during lactation and pregnancy 
considerable amounts of glucose are taken up by the gravid uterus and mammary gland. It is 
generally accepted that dairy cows incur some degree of insulin resistance at the end of gestation 
and in early lactation. These homeorhetic adaptations are necessary to ensure a sufficient glucose 
supply for the gravid uterus and lactating mammary gland in support of the growing offspring, 
both prenatally and postnatally (Bell and Bauman, 1997). Different studies have been performed 
to assess insulin resistance in glucose metabolism during pregnancy and lactation in ruminants 
(Kerestes et al., 2009; Ji et al., 2012; Mann et al., 2016; Weber et al., 2016). Overall, most of 
these studies confirm the state of increased insulin resistance in glucose metabolism during early 
lactation. 
Glucose output from the liver is the result of gluconeogenesis and glycogenolysis. 
Glycogen stores in the liver are limited and are quickly depleted in periods of high glucose 
requirement. Consequently, gluconeogenesis is arguably the most important metabolic pathway 
in ruminants and has to be tightly regulated. The regulation of gluconeogenesis occurs through 
nutrient supply and hormones including insulin, glucagon, somatotropin, and cortisol (Drackley 
et al., 2001). Insulin inhibits glycogenolysis and gluconeogenesis in the liver, which results in 
decreased glucose release into the blood (DeFronzo, 2004). Insulin inhibits key enzymes in the 
gluconeogenic pathway and reduces the availability of glucogenic precursors.  
Insulin influences protein metabolism by stimulation of protein synthesis and inhibition 
of protein degradation in skeletal muscle and other tissues. Early lactation in dairy cows is 
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characterized by low insulin concentrations, which leads to both reduced protein synthesis in 
skin, skeletal muscle, and other peripheral tissues and decreased inhibition of protein 
degradation. The net result is an increased flow of amino acids to the mammary gland and the 
liver for synthesis of milk protein and hepatic gluconeogenesis (Kuhla et al., 2011). 
Similar to humans, in cattle there appears to be a genetic component that determines the 
susceptibility to insulin resistance. Cows with a high genetic merit for milk production are more 
insulin resistant than cows with a low genetic merit for milk production (Chagas et al., 2009). 
Bossaert et al. (2009) demonstrated that female Holstein-Friesian calves as early as 15 d of age 
had higher insulin secretion and lower glucose clearance in comparison with female Belgian 
Blue calves, suggesting that Holstein-Friesian calves are more insulin resistant than Belgian Blue 
calves. De Koster and Opsomer (2013) stated that apparent genetic differences in insulin 
resistance for glucose metabolism may be determined by genetic or epigenetic differences 
between animals. Further investigation is required to define genes that influence insulin 
resistance and to describe epigenetic effects on those genes. 
 
Approaches to Assess Insulin Resistance in Dairy Cows 
The hyperinsulinemic-euglycemic clamp (HEC) test is considered the gold-standard 
method to measure insulin resistance in humans and animals (DeFronzo et al., 1979). Briefly, a 
constant insulin infusion raises serum insulin concentrations to a steady-state level after 60 to 90 
min of infusion (i.e., hyperinsulinemic state). During the insulin infusion, blood samples are 
taken at regular intervals (every 5 to 10 min) to measure blood glucose. Based on the blood 
glucose measured, the speed of a simultaneous glucose infusion is empirically adapted to 
“clamp” blood glucose concentration at the normal basal value (i.e., euglycemic state). After 
some time (the last hour or last half hour of a 2-h test), a steady state is reached whereby the 
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serum insulin concentration is constant (steady-state insulin concentration [SSIC]) and no or 
minor changes of glucose infusion rate (steady-state glucose infusion rate [SSGIR]) are needed 
to keep the blood glucose constant at the basal concentration (DeFronzo et al., 1979; Muniyappa 
et al., 2008). The speed of the SSGIR is directly related to the insulin response of glucose 
metabolism of peripheral tissues. A high SSGIR means high glucose uptake per unit of insulin 
(low insulin resistance); whereas, a low SSGIR means low glucose uptake per unit of insulin 
(high insulin resistance). Major disadvantages of the HEC test are that it is time consuming 
(several hours for every insulin infusion), very intensive, expensive, and requires some 
experience to constantly adapt the glucose infusion rate to clamp blood glucose at the basal level. 
Another drawback is that insulin response is measured at super-physiologic insulin 
concentrations, limiting the extrapolation to physiologic insulin concentrations. In addition, the 
HEC test is not suitable for performance under field conditions or for use in studies with a large 
number of animals (Muniyappa et al., 2008). 
The GTT is a more practical method to assess insulin resistance in dairy cows. Briefly, 
after the intravenous infusion of a glucose bolus, blood samples are taken at regular intervals to 
determine glucose and insulin concentrations. The amount of glucose infused (150 to 500 mg/kg) 
and time frame of sampling (60 to180 min) differs between studies. The GTT is easy to perform 
in practice, although the interpretation of the obtained data requires some insight into glucose 
and insulin metabolism. Blood insulin concentrations during a GTT are the result of insulin 
secretion by the pancreas in response to the glucose bolus, and the elimination of insulin by the 
liver. The combination of these physiologic processes results in the typical profile of insulin and 
glucose concentrations during a GTT. Insulin resistance can be identified when glucose 
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clearance is low, the area under the curve for glucose is high, and the time to reach half of the 
maximal glucose concentration and the time to return to basal glucose concentration are high. 
The IC consists of an intravenous bolus injection of insulin and subsequent blood 
sampling at regular intervals for the measurement of blood glucose. Insulin doses used in dairy 
cows range from 0.02 to 0.1 U/kg. The greater the insulin-stimulated reduction in blood glucose 
and glucose clearance, the higher the insulin response of the glucose metabolism of the 
peripheral tissues. Major disadvantages of the IC include the elicited hypoglycemia, which may 
generate counter-regulatory mechanisms that might confound the estimation of insulin 
sensitivity. Furthermore, potentially dangerous neurologic and cardiovascular side effects of the 
hypoglycemia may arise if an overdose of insulin is given (Ferrannini and Mari, 1998; 
Muniyappa et al., 2008). 
Indexes (HOMA-IR, QUICKI, and RQUICKI) to estimate the degree of insulin 
resistance have been developed in human medicine and have subsequently been implemented in 
veterinary medicine. In humans, the fasting state is crucial to obtain reliable information on 
insulin resistance derived from the aforementioned indexes (Muniyappa et al., 2008). In dairy 
cows, with the exception of suckling calves, it is impossible to achieve a fasting state whereby 
insulin and glucose concentrations are in a balanced state. In addition, during late pregnancy and 
early lactation concentrations of glucose, insulin, NEFA, BHB, and glycerol can change 
dramatically, thus reducing the reliability of these indexes (De Koster and Opsomer, 2013). 
Furthermore, any kind of stress situation during sampling can lead to important changes in 
glucose, NEFA, and insulin, which will affect the interpretation of the insulin index (Leroy et al., 
2011). 
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Biopsies of liver, muscle, and adipose tissue combined with molecular techniques (RNA-
sequencing, metabolomics, proteomics) offer the opportunity to study activation of the 
intracellular insulin signaling cascade. This approach opens the possibility to identify the 
signaling molecules that are responsible for inducing insulin resistance. 
 
Summary 
In humans and other nonruminants (mice, dogs, cats) obesity has been associated with 
insulin resistance and metabolic syndrome (Dandona et al., 2004; Eckel et al., 2005; Muntoni 
and Muntoni, 2011; Yessoufou et al., 2011). In dairy cows, overconsumption of energy during 
the dry period has been associated with greater fat mobilization and higher incidence of 
metabolic disorders and infectious diseases that lead to turbulent transition from late pregnancy 
to lactation (Rukkwamsuk et al., 1999b; Holtenius et al., 2003; Janovick and Drackley, 2010). 
On the other hand, controlled energy intake during the dry period, either by formulation of high 
fiber, low energy diets or by restricted feeding, have shown to improve energy balance and 
decrease lipolysis and peripartal disorders (Dann et al., 2006; Douglas et al., 2006; Janovick et 
al., 2011; Mann et al., 2015a). Increased circulating NEFA resulting from increased lipolysis and 
proinflammatory cytokines (TNF-α, interleukin-6, monocyte chemoattractant protein-1) impair 
insulin signaling, thus, inducing insulin resistance (Hotamisligil et al., 1995; Van Epps-Fung et 
al., 1997; Ohtsuka et al., 2001; De Koster and Opsomer, 2013). The insulin resistance pathway 
has been extensively studied in humans because of its association with type 2 diabetes and the 
metabolic syndrome. However, in dairy cows the insulin resistance pathway is not as well 
understood.  
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FIGURES 
 
 
Figure 1.1. Theoretical insulin dose-response curve. Effects of decreases in insulin sensitivity or 
insulin responsiveness, or both (Kahn 1978). 
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Figure 1.2. Insulin signaling pathway (adapted from DeFronzo, 2015). 
 
  
IR 
IR
S
 
PI3K 
PtdIns 
AKT/PKB/PK 
Protein synthesis 
Glucose uptake 
Glycogen synthesis 
 
MAP 
Insulin 
TNF receptor 
JNK 
Cytokines 
Increased phosphorylation of IRS 
Inhibition of AKT phosphorylation 
 
 
Adipose tissue 
TNF-α 
Plasma membrane  
IL-6 
25 
REFERENCES 
Agenas, S., E. Burstedt, and K. Holtenius. 2003. Effects of feeding intensity during the dry 
period. 1. Feed intake, body weight, and milk production. J. Dairy Sci. 86:870-882. 
Allen, M. S. 2000. Effects of diet on short-term regulation of feed intake by lactating dairy cattle. 
J. Dairy Sci. 83:1598-1624. 
Allen, M. S., and P. Piantoni. 2013. Metabolic control of feed intake: implications for metabolic 
disease of fresh cows. Vet. Clin. N. Am. Food A. 29:279-297. 
American Diabetes, A. 2010. Diagnosis and classification of diabetes mellitus. Diabetes Care 
33:S62-S69. 
AOAC. 1995. Official Methods of Analysis. 16th ed. AOAC, Arlington, VA. 
Aschenbach, J. R., N. B. Kristensen, S. S. Donkin, H. M. Hammon, and G. B. Penner. 2010. 
Gluconeogenesis in dairy cows: the secret of making sweet milk from sour dough. IUBMB Life 
62:869-877. 
Bareille, N., F. Beaudeau, S. Billon, A. Robert, and P. Faverdin. 2003. Effects of health disorders 
on feed intake and milk production in dairy cows. Livest. Prod. Sci. 83:53-62. 
Bauman, D. E., and W. B. Currie. 1980. Partitioning of nutrients during pregnancy and lactation: 
A review of mechanisms involving homeostasis and homeorhesis. J. Dairy Sci. 63:1514-1529. 
Bell, A. W. 1995a. Regulation of organic nutrient metabolism during transition from late 
pregnancy to early lactation. J. Anim. Sci. 73:2804-2819. 
Bell, A. W. 1995b. Regulation of organic nutrient metabolism during transition from late 
pregnancy to early lactation. J. Animal Sci. 73. 
Bell, A. W., and D. E. Bauman. 1997. Adaptations of glucose metabolism during pregnancy and 
lactation. J. Mammary Gland Biol. Neoplasia 2:265-278. 
Bell, A. W., W. S. Burhans, and T. R. Overton. 2000. Protein nutrition in late pregnancy, 
maternal protein reserves and lactation performance in dairy cows. Proc. Nutr. Soc. 59:119-126. 
Bertics, S. J., R. R. Grummer, C. Cadorniga-Valino, and E. E. Stoddard. 1992. Effect of 
prepartum dry matter intake on liver triglyceride concentration and early lactation. J. Dairy Sci. 
75:1914-1922. 
Boisclair, Y., D. G. Grieve, J. B. Stone, O. B. Allen, and G. K. Macleod. 1986. Effect of 
prepartum energy, body condition, and sodium bicarbonate on production of cows in early 
lactation. J. Dairy Sci. 69:2636-2647. 
Bossaert, P., J. L. Leroy, S. De Campeneere, S. De Vliegher, and G. Opsomer. 2009. Differences 
in the glucose-induced insulin response and the peripheral insulin responsiveness between 
26 
neonatal calves of the Belgian Blue, Holstein-Friesian, and East Flemish breeds. J. Dairy Sci. 
92:4404-4411. 
Boutflour, R. B. 1928. Limiting factors in the feeding and management of milk cows. Pages 15-
20 in Proc. Report of the proceedings of the 8th World's Dairy Congress, London, UK. 
International Dairy Federation, Brussels, Belgium. 
Cameron, R. E. B., P. B. Dyk, T. H. Herdt, J. B. Kaneene, R. Miller, H. F. Bucholtz, J. S. 
Liesman, M. J. VandeHaar, and R. S. Emery. 1998. Dry cow diet, management, and energy 
balance as risk factors for displaced abomasum in high producing dairy herds. J. Dairy Sci. 
81:132-139. 
Cardoso, F. C., S. J. LeBlanc, M. R. Murphy, and J. K. Drackley. 2013. Prepartum nutritional 
strategy affects reproductive performance in dairy cows. J. Dairy Sci. 96:5859-5871. 
Cardoso, F. C., W. Sears, S. J. LeBlanc, and J. K. Drackley. 2011. Technical note: Comparison 
of 3 methods for analyzing areas under the curve for glucose and nonesterified fatty acids 
concentrations following epinephrine challenge in dairy cows. J. Dairy Sci. 94:6111-6115. 
Chagas, L. M., M. C. Lucy, P. J. Back, D. Blache, J. M. Lee, P. J. S. Gore, A. J. Sheahan, and J. 
R. Roche. 2009. Insulin resistance in divergent strains of Holstein-Friesian dairy cows offered 
fresh pasture and increasing amounts of concentrate in early lactation. J. Dairy Sci. 92:216-222. 
Chew, B. P., R. E. Erb, J. F. Fessler, C. J. Callahan, and P. V. Malven. 1979. Effects of 
ovariectomy during pregnancy and of prematurely induced parturition on progesterone, 
estrogens, and calving traits. J. Dairy Sci. 62:557-566. 
Colazo, M. G., A. Hayirli, L. Doepel, and D. J. Ambrose. 2009. Reproductive performance of 
dairy cows is influenced by prepartum feed restriction and dietary fatty acid source. J. Dairy Sci. 
92:2562-2571. 
Contreras, G. A., and L. M. Sordillo. 2011. Lipid mobilization and inflammatory responses 
during the transition period of dairy cows. Comp. Immunol. Microb. 34:281-289. 
Contreras, G. A., K. Thelen, S. E. Schmidt, C. Strieder-Barboza, C. L. Preseault, W. Raphael, M. 
Kiupel, J. Caron, and A. L. Lock. 2016. Adipose tissue remodeling in late-lactation dairy cows 
during feed-restriction-induced negative energy balance. J. Dairy Sci. 99:10009-10021. 
Cook, N. B., and K. V. Nordlund. 2004. Behavioral needs of the transition cow and 
considerations for special needs facility design. Vet. Clin. N. Am. Food A. 20:495-520. 
Cusi, K. 2010. The role of adipose tissue and lipotoxicity in the pathogenesis of type 2 diabetes. 
Curr. Diabetes Rep. 10:306-315. 
Dandona, P., A. Aljada, and A. Bandyopadhyay. 2004. Inflammation: the link between insulin 
resistance, obesity and diabetes. Trends in Immunol. 25:4-7. 
27 
Dann, H. M., N. B. Litherland, J. P. Underwood, M. Bionaz, A. D'Angelo, J. W. McFadden, and 
J. K. Drackley. 2006. Diets during far-off and close-up dry periods affect periparturient 
metabolism and lactation in multiparous cows. J. Dairy Sci. 89:3563-3577. 
Dann, H. M., D. E. Morin, G. A. Bollero, M. R. Murphy, and J. K. Drackley. 2005. Prepartum 
intake, postpartum induction of ketosis, and periparturient disorders affect the metabolic status of 
dairy cows. J. Dairy Sci. 88:3249-3264. 
Dann, H. M., G. A. Varga, and D. E. Putnam. 1999. Improving energy supply to late gestation 
and early postpartum dairy cows. J. Dairy Sci. 82:1765-1778. 
De Koster, J. D., and G. Opsomer. 2013. Insulin resistance in dairy cows. Vet. Clin. N. Am. 
Food A. 29:299-322. 
DeFronzo, R., J. Tobin, and R. Andres. 1979. Glucose clamp technique: a method for 
quantifying insulin secretion and resistance. Am. J. Phys. 237:G214-G223. 
DeFronzo, R. A. 2004. Pathogenesis of type 2 diabetes mellitus. Med. Clin. North. Am. 88:787-
835. 
DeFronzo, R. A. 2015. Pathogenesis of type 2 diabetes mellitus. Pages 371-400 in International 
Textbook of Diabetes Mellitus. John Wiley & Sons, Ltd. 
Dikmen, S., and P. J. Hansen. 2009. Is the temperature-humidity index the best indicator of heat 
stress in lactating dairy cows in a subtropical environment? J. Dairy Sci. 92:109-116. 
do Amaral, B. C., E. E. Connor, S. Tao, M. J. Hayen, J. W. Bubolz, and G. E. Dahl. 2011. Heat 
stress abatement during the dry period influences metabolic gene expression and improves 
immune status in the transition period of dairy cows. J. Dairy Sci. 94:86-96. 
Doepel, L., H. Lapierre, and J. J. Kennelly. 2002. Peripartum performance and metabolism of 
dairy cows in response to prepartum energy and protein intake. J. Dairy Sci. 85:2315-2334. 
Douglas, G. N., T. R. Overton, H. G. Bateman, 2nd, H. M. Dann, and J. K. Drackley. 2006. 
Prepartal plane of nutrition, regardless of dietary energy source, affects periparturient 
metabolism and dry matter intake in Holstein cows. J. Dairy Sci. 89:2141-2157. 
Douglas, G. N., T. R. Overton, H. G. Bateman, 2nd, and J. K. Drackley. 2004. Peripartal 
metabolism and production of Holstein cows fed diets supplemented with fat during the dry 
period. J. Dairy Sci. 87:4210-4220. 
Drackley, J. K. 1999. Biology of dairy cows during the transition period: the final frontier? J. 
Dairy Sci. 82:2259-2273. 
Drackley, J. K. 2008. Steady as she goes: rethinking dry cow nutrition. Pages 9-16 in Proc. Mid-
South Ruminant Nutrition Conference, Arlington, TX. 
28 
Drackley, J. K. 2011. Back to a traditional approach: re-evaluating the use of a single dry period 
diet. Pages 105-120 in Proc. WCDS Advances in Dairy Technology, Red Deer, AB, Canada. 
Drackley, J. K., and H. M. Dann. 2005. New concepts in nutritional management of dry cows. 
Pages 11-23 in Proc. WCDS Advances in Dairy Technology. 
Drackley, J. K., and H. M. Dann. 2008. A scientific approach to feeding dry cows. Recent 
advances in animal nutrition 2007. 41st University of Nottingham Feed Conference, Sutton 
Bonington Campus, Nottingham, UK, 4-6 September 2007. Pages 43-74. 
Drackley, J. K., H. M. Dann, G. N. Douglas, N. A. Janovick Guretzky, N. B. Litherland, J. P. 
Underwood, and J. J. Loor. 2005. Physiological and pathological adaptations in dairy cows that 
may increase susceptibility to periparturient diseases and disorders. Ital. J. Anim. Sci. 4:323-344. 
Drackley, J. K., T. R. Overton, and G. N. Douglas. 2001. Adaptations of glucose and long-chain 
fatty acid metabolism in liver of dairy cows during the periparturient period. J. Dairy Sci. 
84:E100-E112. 
Dube, J. J., F. Amati, F. G. Toledo, M. Stefanovic-Racic, A. Rossi, P. Coen, and B. H. 
Goodpaster. 2011. Effects of weight loss and exercise on insulin resistance, and intramyocellular 
triacylglycerol, diacylglycerol and ceramide. Diabetologia 54:1147-1156. 
Duhlmeier, R., A. Hacker, A. Widdel, W. von Engelhardt, and H. P. Sallmann. 2005. 
Mechanisms of insulin-dependent glucose transport into porcine and bovine skeletal muscle. 
Am. J. Physiol. Regul. Integr. Comp. Physiol. 289:R187-197. 
Eckel, R. H., S. M. Grundy, and P. Z. Zimmet. 2005. The metabolic syndrome. Lancet 365:1415-
1428. 
Edgerton, L. A., and H. D. Hafs. 1973. Serum luteinizing hormone, prolactin, glucocorticoid, and 
progestin in dairy cows from calving to gestation. J. Dairy Sci. 56:451-458. 
Ferguson, J. D., D. T. Galligan, and N. Thomsen. 1994. Principal descriptors of body condition 
score in Holstein cows. J. Dairy Sci. 77:2695-2703. 
Ferrannini, E., and A. Mari. 1998. How to measure insulin sensitivity. J. Hypertens. 16:895-906. 
Forbes, J. M. 2000. Physiological and metabolic aspects of feed intake control. Pages 319-333. 
CABI Publishing, Wallingford. 
Friggens, N. C., J. B. Andersen, T. Larsen, O. Aaes, and R. J. Dewhurst. 2004. Priming the dairy 
cow for lactation: a review of dry cow feeding strategies. Anim. Res. 53:453-473. 
Gao, Z., X. Zhang, A. Zuberi, D. Hwang, M. J. Quon, M. Lefevre, and J. Ye. 2004. Inhibition of 
insulin sensitivity by free fatty acids requires activation of multiple serine kinases in 3T3-L1 
adipocytes. Mol. Endocrinol. 18:2024-2034. 
29 
Goff, J. P., and R. L. Horst. 1997. Physiological changes at parturition and their relationship to 
metabolic disorders. J. Dairy Sci. 80:1260-1268. 
Grant, R. J., and J. L. Albright. 1995. Feeding behavior and management factors during the 
transition period in dairy cattle. J. Anim. Sci. 73:2791-2803. 
Grum, D. E., J. K. Drackley, R. S. Younker, D. W. LaCount, and J. J. Veenhuizen. 1996. 
Nutrition during the dry period and hepatic lipid metabolism of periparturient dairy cows. J. 
Dairy Sci. 79:1850-1864. 
Grummer, R. R. 1993. Etiology of lipid-related metabolic disorders in periparturient dairy cows. 
J. Dairy Sci. 76:3882-3896. 
Grummer, R. R. 1995. Impact of changes in organic nutrient metabolism on feeding the 
transition dairy cow. J. Anim. Sci. 73:2820-2833. 
Grummer, R. R., D. G. Mashek, and A. Hayirli. 2004. Dry matter intake and energy balance in 
the transition period. Vet. Clin. N. Am. Food A. 20:447-470. 
Guo, J., R. R. Peters, and R. A. Kohn. 2007. Effect of a transition diet on production 
performance and metabolism in periparturient dairy cows. J. Dairy Sci. 90:5247-5258. 
Haus, J. M., S. R. Kashyap, T. Kasumov, R. Zhang, K. R. Kelly, R. A. Defronzo, and J. P. 
Kirwan. 2009. Plasma ceramides are elevated in obese subjects with type 2 diabetes and correlate 
with the severity of insulin resistance. Diabetes 58:337-343. 
Hayirli, A. 2006. The role of exogenous insulin in the complex of hepatic lipidosis and ketosis 
associated with insulin resistance phenomenon in postpartum dairy cattle. Vet. Res. Commun. 
30:749-774. 
Hayirli, A., R. R. Grummer, E. V. Nordheim, and P. M. Crump. 2002. Animal and dietary 
factors affecting feed intake during the prefresh transition period in Holsteins. J. Dairy Sci. 
85:3430-3443. 
Hayirli, A., D. H. Keisler, and L. Doepel. 2011. Peripartum responses of dairy cows to prepartal 
feeding level and dietary fatty acid source. J. Dairy Sci. 94:917-930. 
Heinrichs, J., and P. Kononoff. 2002. Evaluating particle size of forages and TMRs using the 
new Penn State Forage Particle Separator. Pennsylvania State University, College of Agricultural 
Sciences, Cooperative Extension DAS:02-42. 
Herschkovitz, A., Y.-F. Liu, E. Ilan, D. Ronen, S. Boura-Halfon, and Y. Zick. 2007. Common 
Inhibitory Serine Sites Phosphorylated by IRS-1 Kinases, Triggered by Insulin and Inducers of 
Insulin Resistance. J. Biol. Chem. 282:18018-18027. 
Holcomb, C. S., H. H. Van Horn, H. H. Head, M. B. Hall, and C. J. Wilcox. 2001. Effects of 
prepartum dry matter intake and forage percentage on postpartum performance of lactating dairy 
cows. J. Dairy Sci. 84:2051-2058. 
30 
Holtenius, K., S. Agenas, C. Delavaud, and Y. Chilliard. 2003. Effects of feeding intensity 
during the dry period. 2. Metabolic and hormonal responses. J. Dairy Sci. 86:883-891. 
Holtenius, P., and K. Holtenius. 2007. A model to estimate insulin sensitivity in dairy cows. Acta 
Vet. Scand. 49:29. 
Holter, J. B., J. W. West, and M. L. McGilliard. 1997. Predicting ad libitum dry matter intake 
and yield of Holstein cows. J. Dairy Sci. 80:2188-2199. 
Hotamisligil, G. S., P. Arner, J. F. Caro, R. L. Atkinson, and B. M. Spiegelman. 1995. Increased 
adipose tissue expression of tumor necrosis factor-alpha in human obesity and insulin resistance. 
J. Clin. Invest. 95:2409-2415. 
Hotamisligil, G. S., P. Peraldi, A. Budavari, R. Ellis, M. F. White, and B. M. Spiegelman. 1996. 
IRS-1-mediated inhibition of insulin receptor tyrosine kinase activity in TNF-alpha- and obesity-
induced insulin resistance. Science (New York, N.Y.) 271:665-668. 
Huang, W., Y. Tian, Y. Wang, A. Simayi, A. Yasheng, Z. Wu, S. Li, and Z. Cao. 2014. Effect of 
reduced energy density of close-up diets on dry matter intake, lactation performance and energy 
balance in multiparous Holstein cows. J. Anim. Sci. Biotechnol. 5:30. 
Ichi, I., K. Nakahara, Y. Miyashita, A. Hidaka, S. Kutsukake, K. Inoue, T. Maruyama, Y. Miwa, 
M. Harada-Shiba, M. Tsushima, and S. Kojo. 2006. Association of ceramides in human plasma 
with risk factors of atherosclerosis. Lipids 41:859-863. 
Imamura, T., Y. Takata, T. Sasaoka, Y. Takada, H. Morioka, T. Haruta, T. Sawa, M. Iwanishi, 
Y. G. Hu, Y. Suzuki, and et al. 1994. Two naturally occurring mutations in the kinase domain of 
insulin receptor accelerate degradation of the insulin receptor and impair the kinase activity. J. 
Biol. Chem. 269:31019-31027. 
Ingvartsen, K. L. 2006. Feeding- and management-related diseases in the transition cow: 
Physiological adaptations around calving and strategies to reduce feeding-related diseases. Anim. 
Feed Sci. Technol. 126:175-213. 
Ingvartsen, K. L., and J. B. Andersen. 2000. Integration of metabolism and intake regulation: a 
review focusing on periparturient animals. J. Dairy Sci. 83:1573-1597. 
Ingvartsen, K. L., A. Danfoer, P. H. Andersen, and J. Foldager. 1995. Prepartum feeding of dairy 
cattle: A review of the effect on peripartum metabolism, feed intake, production and health. Page 
83 in Book of Abstracts of the 46th Annual Meeting of the EAAP. Vol. 1. J. A. M. van 
Arendonk, ed. Wageningen Press, Wageningen. 
Janovick, N. A., Y. R. Boisclair, and J. K. Drackley. 2011. Prepartum dietary energy intake 
affects metabolism and health during the periparturient period in primiparous and multiparous 
Holstein cows. J. Dairy Sci. 94:1385-1400. 
31 
Janovick, N. A., and J. K. Drackley. 2010. Prepartum dietary management of energy intake 
affects postpartum intake and lactation performance by primiparous and multiparous Holstein 
cows. J. Dairy Sci. 93:3086-3102. 
Ji, P., J. S. Osorio, J. K. Drackley, and J. J. Loor. 2012. Overfeeding a moderate energy diet 
prepartum does not impair bovine subcutaneous adipose tissue insulin signal transduction and 
induces marked changes in peripartal gene network expression. J. Dairy Sci. 95:4333-4351. 
Kahn, R. C. 1978. Insulin resistance, insulin insensitivity, and insulin unresponsiveness: A 
necessary distinction. Metabolism 27:1893-1902. 
Kelton, D. F., K. D. Lissemore, and R. E. Martin. 1998. Recommendations for recording and 
calculating the incidence of selected clinical diseases of dairy cattle. J. Dairy Sci. 81:2502-2509. 
Kerestes, M., V. Faigl, M. Kulcsar, O. Balogh, J. Foldi, H. Febel, Y. Chilliard, and G. 
Huszenicza. 2009. Periparturient insulin secretion and whole-body insulin responsiveness in 
dairy cows showing various forms of ketone pattern with or without puerperal metritis. Domest. 
Anim. Endocrinol. 37:250-261. 
Kononoff, P. J., A. J. Heinrichs, and D. R. Buckmaster. 2003. Modification of the penn state 
forage and total mixed ration particle separator and the effects of moisture content on its 
measurements. J. Dairy Sci. 86:1858-1863. 
Kuhla, B., G. Nürnberg, D. Albrecht, S. Görs, H. M. Hammon, and C. C. Metges. 2011. 
Involvement of skeletal muscle protein, glycogen, and fat metabolism in the adaptation on early 
lactation of dairy cows. J. Proteome Res. 10:4252-4262. 
Kunz, P. L., J. W. Blum, I. C. Hart, H. Bickel, and J. Landis. 1985. Effects of different energy 
intakes before and after calving on food intake, performance and blood hormones and 
metabolites in dairy cows. Anim. Prod. 40:219-231. 
Leroy, J. L. M. R., P. Bossaert, G. Opsomer, and P. E. J. Bols. 2011. The effect of animal 
handling procedures on the blood non-esterified fatty acid and glucose concentrations of 
lactating dairy cows. Vet. J. 187:81-84. 
Littell, R. C., P. R. Henry, and C. B. Ammerman. 1998. Statistical analysis of repeated measures 
data using SAS procedures. J. Anim. Sci. 76:1216-1231. 
Lowenstein, E. J., R. J. Daly, A. G. Batzer, W. Li, B. Margolis, R. Lammers, A. Ullrich, E. Y. 
Skolnik, D. Bar-Sagi, and J. Schlessinger. 1992. The SH2 and SH3 domain-containing protein 
GRB2 links receptor tyrosine kinases to ras signaling. Cell 70:431-442. 
Mann, S., D. V. Nydam, A. Abuelo, F. A. L. Yepes, T. R. Overton, and J. J. Wakshlag. 2016. 
Insulin signaling, inflammation, and lipolysis in subcutaneous adipose tissue of transition dairy 
cows either overfed energy during the prepartum period or fed a controlled-energy diet. J. Dairy 
Sci. 99:6737-6752. 
32 
Mann, S., F. A. Yepes, T. R. Overton, J. J. Wakshlag, A. L. Lock, C. M. Ryan, and D. V. 
Nydam. 2015a. Dry period plane of energy: Effects on feed intake, energy balance, milk 
production, and composition in transition dairy cows. J. Dairy Sci. 98:3366-3382. 
Mann, S., F. A. L. Yepes, M. Duplessis, J. J. Wakshlag, T. R. Overton, B. P. Cummings, and D. 
V. Nydam. 2015b. Dry period plane of energy: Effects on glucose tolerance in transition dairy 
cows. J. Dairy Sci. 99:701-717. 
Mann, S., F. A. L. Yepes, T. R. Overton, J. J. Wakshlag, A. L. Lock, C. M. Ryan, and D. V. 
Nydam. 2015c. Dry period plane of energy: Effects on feed intake, energy balance, milk 
production, and composition in transition dairy cows. J. Dairy Sci. 
McElduff, A., J. A. Hedo, S. I. Taylor, J. Roth, and P. Gorden. 1984. Insulin receptor 
degradation is accelerated in cultured lymphocytes from patients with genetic syndromes of 
extreme insulin resistance. J. Clin. Invest. 74:1366-1374. 
Muniyappa, R., S. Lee, H. Chen, and M. J. Quon. 2008. Current approaches for assessing insulin 
sensitivity and resistance in vivo: advantages, limitations, and appropriate usage. Am. J. Physiol. 
Endocrinol. Metab. 294:E15-26. 
Muntoni, S., and S. Muntoni. 2011. Insulin resistance: pathophysiology and rationale for 
treatment. Ann. Nutr. Metab. 58:25-36. 
Murondoti, A., R. Jorritsma, A. C. Beynen, T. Wensing, and M. J. H. Geelen. 2004. Unrestricted 
feed intake during the dry period impairs the postpartum oxidation and synthesis of fatty acids in 
the liver of dairy cows. J. Dairy Sci. 87:672-679. 
NRC (National Research Council). 1981. Effect of environment on nutrient requirements of 
domestic animals. National Academies Press. 
NRC (National Research Council). 2001. Nutrient Requirements of Dairy Cattle. 7th rev. ed. 
Natl. Acad. Sci., Washington, DC. 
Ohtsuka, H., M. Koiwa, A. Hatsugaya, K. Kudo, F. Hoshi, N. Itoh, H. Yokota, H. Okada, and S.-
i. Kawamura. 2001. Relationship between serum TNF activity and insulin resistance in dairy 
cows affected with naturally occurring fatty liver. J. Vet. Med. Sci. 63:1021-1025. 
Ostrowska, M., J. Jarczak, and L. Zwierzchowski. 2015. Glucose transporters in cattle-a review. 
Anim. Sci. Pap. Rep. 33:191-212. 
Overton, T. R., J. K. Drackley, C. J. Ottemann-Abbamonte, A. D. Beaulieu, L. S. Emmert, and J. 
H. Clark. 1999. Substrate utilization for hepatic gluconeogenesis is altered by increased glucose 
demand in ruminants. J. Anim. Sci. 77:1940-1951. 
Patti, M. E., and C. R. Kahn. 1998. The insulin receptor--a critical link in glucose homeostasis 
and insulin action. J. Basic Clin. Physiol. Pharmacol. 9:89-109. 
33 
Piantoni, P., C. M. Ylioja, and M. S. Allen. 2015. Feed intake is related to changes in plasma 
nonesterified fatty acid concentration and hepatic acetyl CoA content following feeding in 
lactating dairy cows. J. Dairy Sci. 98:6839-6847. 
Pires, J. A. A., J. B. Pescara, and R. R. Grummer. 2007a. Reduction of plasma NEFA 
concentration by nicotinic acid enhances the response to insulin in feed-restricted Holstein cows. 
J. Dairy Sci. 90:4635-4642. 
Pires, J. A. A., A. H. Souza, and R. R. Grummer. 2007b. Induction of hyperlipidemia by 
intravenous infusion of tallow emulsion causes insulin resistance in Holstein cows. J. Dairy Sci. 
90:2735-2744. 
Rabelo, E., S. J. Bertics, J. Mackovic, and R. R. Grummer. 2001. Strategies for increasing energy 
density of dry cow diets. J. Dairy Sci. 84:2240-2249. 
Rabelo, E., R. L. Rezende, S. J. Bertics, and R. R. Grummer. 2003. Effects of transition diets 
varying in dietary energy density on lactation performance and ruminal parameters of dairy 
cows. J. Dairy Sci. 86:916-925. 
Reynolds, C. K., P. C. Aikman, B. Lupoli, D. J. Humphries, and D. E. Beever. 2003. Splanchnic 
metabolism of dairy cows during the transition from late gestation through early lactation. J. 
Dairy Sci. 86:1201-1217. 
Rico, J. E., V. V. R. Bandaru, J. M. Dorskind, N. J. Haughey, and J. W. McFadden. 2015. 
Plasma ceramides are elevated in overweight Holstein dairy cows experiencing greater lipolysis 
and insulin resistance during the transition from late pregnancy to early lactation. J. Dairy Sci. 
98:7757-7770. 
Rizza, R. A., L. J. Mandarino, and J. E. Gerich. 1981. Mechanisms of insulin resistance in man. 
Am. J. Med. 70:169-176. 
Roche, J., A. Bell, T. Overton, and J. Loor. 2013a. Nutritional management of the transition cow 
in the 21st century–a paradigm shift in thinking. Anim. Prod. Sci. 53:1000-1023. 
Roche, J. F. 2006. The effect of nutritional management of the dairy cow on reproductive 
efficiency. Anim. Reprod. Sci. 96:282-296. 
Roche, J. R., J. K. Kay, N. C. Friggens, J. J. Loor, and D. P. Berry. 2013b. Assessing and 
managing body condition score for the prevention of metabolic disease in dairy cows. Vet. Clin. 
N. Am. Food A. 29:323-336. 
Roche, J. R., S. Meier, A. Heiser, M. D. Mitchell, C. G. Walker, M. A. Crookenden, M. V. 
Riboni, J. J. Loor, and J. K. Kay. 2015. Effects of precalving body condition score and prepartum 
feeding level on production, reproduction, and health parameters in pasture-based transition 
dairy cows. J. Dairy Sci. 98:7164-7182. 
34 
Rukkwamsuk, T., T. A. M. Kruip, and T. Wensing. 1999a. Relationship between overfeeding 
and overconditioning in the dry period and the problems of high producing dairy cows during the 
postparturient period. Vet. Quart. 21:71-77. 
Rukkwamsuk, T., T. Wensing, and M. J. H. Geelen. 1998. Effect of overfeeding during the dry 
period on regulation of adipose tissue metabolism in dairy cows during the periparturient period. 
J. Dairy Sci. 81:2904-2911. 
Rukkwamsuk, T., T. Wensing, and M. J. H. Geelen. 1999b. Effect of overfeeding during the dry 
period on the rate of esterification in adipose tissue of dairy cows during the periparturient 
period. J. Dairy Sci. 82:1164-1169. 
Salin, S., A. Vanhatalo, K. Elo, J. Taponen, R. C. Boston, and T. Kokkonen. 2017. Effects of 
dietary energy allowance and decline in dry matter intake during the dry period on responses to 
glucose and insulin in transition dairy cows. J. Dairy Sci. 
Schoenberg, K. M., R. M. Ehrhardt, and T. R. Overton. 2012. Effects of plane of nutrition and 
feed deprivation on insulin responses in dairy cattle during late gestation. J. Dairy Sci. 95:670-
682. 
Schulz, K., J. Frahm, U. Meyer, S. Kersten, D. Reiche, J. Rehage, and S. Danicke. 2014. Effects 
of prepartal body condition score and peripartal energy supply of dairy cows on postpartal 
lipolysis, energy balance and ketogenesis: an animal model to investigate subclinical ketosis. J. 
Dairy Res. 81:257-266. 
Shaver, R. D. 1997. Nutritional risk factors in the etiology of left displaced abomasum in dairy 
cows: A review. J. Dairy Sci. 80:2449-2453. 
Shepherd, P. R., and B. B. Kahn. 1999. Mechanisms of disease—glucose transporters and insulin 
action—implications for insulin resistance and diabetes mellitus. N. Engl. J. Med. 341:248-257. 
Skolnik, E. Y., C. H. Lee, A. Batzer, L. M. Vicentini, M. Zhou, R. Daly, M. J. Myers, J. M. 
Backer, A. Ullrich, and M. F. White. 1993. The SH2/SH3 domain-containing protein GRB2 
interacts with tyrosine-phosphorylated IRS1 and Shc: implications for insulin control of ras 
signalling. EMBO J. 12:1929-1936. 
Sordillo, L. M., and W. Raphael. 2013. Significance of metabolic stress, lipid mobilization, and 
inflammation on transition cow disorders. Vet. Clin. N. Am. Food A. 29:267-278. 
Standaert, M. L., L. Galloway, P. Karnam, G. Bandyopadhyay, J. Moscat, and R. V. Farese. 
1997. Protein kinase C-zeta as a downstream effector of phosphatidylinositol 3-kinase during 
insulin stimulation in rat adipocytes. Potential role in glucose transport. J. Biol. Chem. 
272:30075-30082. 
Tao, S., and G. E. Dahl. 2013. Invited review: Heat stress effects during late gestation on dry 
cows and their calves. J. Dairy Sci. 96:4079-4093. 
35 
Taylor, S. I., and E. Arioglu. 1998. Syndromes associated with insulin resistance and acanthosis 
nigricans. J. Basic Clin. Physiol. Pharmacol. 9:419-439. 
Tesfa, A. T., M. Tuori, L. Syrjälä-Qvist, R. Pösö, H. Saloniemi, K. Heinonen, K. Kivilahti, T. 
Saukko, and L. A. Lindberg. 1999. The influence of dry period feeding on liver fat and 
postpartum performance of dairy cows. Anim. Feed Sci. Technol. 76:275-295. 
Tienken, R., S. Kersten, J. Frahm, U. Meyer, L. Locher, J. Rehage, K. Huber, Á. Kenéz, H. 
Sauerwein, M. Mielenz, and S. Dänicke. 2015. Effects of an energy-dense diet and nicotinic acid 
supplementation on production and metabolic variables of primiparous or multiparous cows in 
periparturient period. Arch. Anim. Nutr. 69:319-339. 
Tyrrell, H. F., and J. T. Reid. 1965. Prediction of the energy value of cow's milk. J. Dairy Sci. 
48:1215-1223. 
USDA. 2016. Dairy 2014, "Dairy cattle management practices in the United States, 2014". 
USDA–APHIS–VS–CEAH–NAHMS, Fort Collins, CO. 
Van Epps-Fung, M., J. Williford, A. Wells, and R. W. Hardy. 1997. Fatty acid-induced insulin 
resistance in adipocytes. Endocrinology 138:4338-4345. 
VandeHaar, M. J., G. Yousif, B. K. Sharma, T. H. Herdt, R. S. Emery, M. S. Allen, and J. S. 
Liesman. 1999. Effect of energy and protein density of prepartum diets on fat and protein 
metabolism of dairy cattle in the periparturient period. J. Dairy Sci. 82:1282-1295. 
Vazquez-Añon, M., S. Bertics, M. Luck, R. R. Grummer, and J. Pinheiro. 1994. Peripartum liver 
triglyceride and plasma metabolites in dairy cows. J. Dairy Sci. 77:1521-1528. 
Weber, C., C. T. Schäff, U. Kautzsch, S. Börner, S. Erdmann, S. Görs, M. Röntgen, H. 
Sauerwein, R. M. Bruckmaier, C. C. Metges, B. Kuhla, and H. M. Hammon. 2016. Insulin-
dependent glucose metabolism in dairy cows with variable fat mobilization around calving. J. 
Dairy Sci. 99:6665-6679. 
White, M. F. 1998. The IRS-signalling system: a network of docking proteins that mediate 
insulin action. Mol. Cell Biochem. 182:3-11. 
Winkelman, L. A., T. H. Elsasser, and C. K. Reynolds. 2008. Limit-feeding a high-energy diet to 
meet energy requirements in the dry period alters plasma metabolite concentrations but does not 
affect intake or milk production in early lactation. J. Dairy Sci. 91:1067-1079. 
Yessoufou, A., K. Moutairou, and N. A. Khan. 2011. A model of insulin resistance in mice, born 
to diabetic pregnancy, is associated with alterations of transcription-related genes in pancreas 
and epididymal adipose tissue. J. Obes. 2011:11. 
Zachut, M., H. Honig, S. Striem, Y. Zick, S. Boura-Halfon, and U. Moallem. 2013. 
Periparturient dairy cows do not exhibit hepatic insulin resistance, yet adipose-specific insulin 
resistance occurs in cows prone to high weight loss. J. Dairy Sci. 96:5656-5669. 
36 
Zhao, F. Q., and A. F. Keating. 2007. Expression and regulation of glucose transporters in the 
bovine mammary gland. J. Dairy Sci. 90, Suppl. 1:E76-E86. 
Zick, Y. 2005. Ser/Thr phosphorylation of IRS proteins: a molecular basis for insulin resistance. 
Sci. STKE 2005:pe4. 
Zimbelman, R., R. Rhoads, M. Rhoads, G. Duff, L. Baumgard, and R. Collier. 2009. A re-
evaluation of the impact of temperature humidity index (THI) and black globe humidity index 
(BGHI) on milk production in high producing dairy cows. Pages 158–168 in Proc. Southwest 
Nutr. Manag. Conf. Tempe, AZ. ARPAS, Savoy, IL. 
  
37 
CHAPTER 2 
DRY PERIOD PLANE OF ENERGY: EFFECTS ON FEED INTAKE, ENERGY 
BALANCE, MILK PRODUCTION, AND BLOOD METABOLITES NEAR 
PARTURITION OF HEALTHY COWS POSTPARTUM 
 
INTRODUCTION 
Nutrition and management of dairy cows during the dry period has been an area of 
extensive research over the last 30 yr. Although nutritional requirements during this phase are 
fairly simple, the sudden transition from non-lactating to lactating as well as the physiologic and 
metabolic processes associated with it make the transition period a fascinating and important 
stage of the production cycle of the dairy cow. Indeed, the transition period has been considered 
for some researchers as the most critical and stressful phase of the lactation cycle (Drackley, 
1999; Doepel et al., 2002; Guo et al., 2007). At its beginning, about 3 wk before parturition, 
cows start to experience depression in DMI, which along with the increased energy requirements 
for maintenance, the growing fetus, and the mammary gland in the last month of gestation lead to 
negative EB. Consequently, body fat reserves start being mobilized prior to parturition to offset 
the energy deficit. Deficit in EB and fat mobilization continues after parturition as DMI in earlier 
lactation does not match with the increased requirements for lactation. Thus, the transition period 
is characterized by decreased DMI, body fat mobilization that results in higher circulating 
NEFA, ketone body production, and hepatic lipid accumulation that may lead to suboptimal 
transitions. Unsuccessful transitions are linked to metabolic problems that compromise 
production, reproduction, and health of the cow during early lactation, which in turn, may 
decrease the profitability of the dairy enterprise and increase the risk for culling of cows. 
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Therefore, nutritional management strategies that promote greater DMI and decrease fat 
mobilization are desirable during the transition period. 
Research in the last three decades has focused on finding prepartum nutritional strategies 
that increase energy balance and production, while at the same time reducing diseases and 
metabolic disorders around parturition. Common nutritional strategies during the prepartum 
period that have been subjected to extensive research include feeding moderate or high energy 
density diets at ad libitum intake, and controlled energy intake either by feeding high-fiber, low-
energy diets at ad libitum intake or restricted feeding. Although research evaluating these 
approaches has generated much data, there is a lack of agreement among studies. Discrepancies 
may be related to factors associated with composition of the diets, feeding program, animal 
conditions, and diseases and metabolic disorders during the transition from late pregnancy to 
lactation. 
The present study compared three nutritional strategies for the dry period and their effects 
on production and metabolic responses during the transition period. A CE diet fed for ad libitum 
intake or a HE diet fed either at ad libitum or restricted intake were fed from dry-off to 
parturition. Healthy cows, that is, free of displacement of abomasum, retained placenta, metritis, 
and milk fever, were selected to avoid the confounding effects of the aforementioned disorders 
on performance of the cows. The objective of the study was to assess the effects of a CE diet fed 
for ad libitum intake or a HE diet fed for ad libitum or restricted intakes under similar conditions 
on feed intake, energy balance, milk production, and blood metabolites near parturition of 
healthy Holstein cows. 
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MATERIALS AND METHODS 
Experimental Design and Dietary Treatments 
Experimental procedures were approved by the University of Illinois Institutional Animal 
Care and Use Committee (IACUC # 11193). Twenty-seven multiparous Holstein pregnant cows 
were selected during late lactation and randomly assigned to 1 of 3 dry period diets in a 
randomized complete block design. Cows were blocked regarding parity (3.1 ± 1.1, mean ± 
standard deviation), previous lactation 305-d mature-equivalent milk yield (12,015 ± 1,509 kg), 
BW (762 ± 95 kg), BCS (3.5 ± 0.4), and expected day of calving. Dietary treatments were 
applied at the time of drying off. A diet that served as control was fed to one group of cows and 
the remaining cows were fed an energy-rich diet either consumed ad libitum or at moderately 
restricted intake. Thus, dietary treatments were: 1) CE (n = 11), high-fiber diet offered for ad 
libitum intake and formulated to supply 100% of the NRC (2001) requirements for NEL and all 
nutrients; 2) HE (n = 7), offered for ad libitum intake and formulated to supply at least 150% of 
the NEL requirements (NRC, 2001); and 3) RE (n = 9), offered to supply 80% of cows’ 
calculated NEL requirement (NRC, 2001) by limited intake of the HE ration (Table 2.1). Cows 
remained on these dietary treatments from the time of dry-off through parturition (CE = 48 ± 4 d; 
HE = 47 ± 5 d; and RE = 48 ± 4 d). A common lactation ration was fed to all cows after calving, 
thus, residual effects of the dietary treatments applied during the dry period were evaluated 
during early lactation. The experiment was conducted between May and October, 2012. During 
this period, high, mean, and low temperatures were 27.3 ± 7.3, 20.4 ± 6.5, and 14.1 ± 6.1°C, 
respectively. High, mean, and low relative humidity were 89.8 ± 9.2, 64.8 ± 10.8, and 39.9 ± 
15.0%, respectively (Illinois State Water Survey; http://www.isws.illinois.edu). Temperature 
humidity index was calculated using ambient temperature and relative humidity, as follows: THI 
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= [1.8 × temperature (°C) + 32] − [0.55 − 0.0055 × relative humidity (%)] × [1.8 × temperature 
(°C) − 26.8] (Dikmen and Hansen, 2009). Thus, high, mean, and low THI were 79.7 ± 12.3, 66.4 
± 9.4, and 57.5 ± 7.5, respectively. 
 
Animal Management 
Thirty-eight multiparous Holstein cows were enrolled and completed the study. Out of 
these, 27 cows free of displacement of abomasum, retained placenta, metritis, and milk fever 
were selected to avoid confounding effects of the aforementioned disorders. Cows were dried-off 
50 d before expected parturition. After drying off cows were housed in a ventilated enclosed barn 
with access to sand-bedded free stalls. When calving was imminent cows were moved to a 
maternity box stall, within the same pen, that was bedded deeply with wheat straw. During the 
dry period cows were fed individually once daily at ~ 0600 h using an individual gate system 
(American Calan Inc., Northwood, NH). After parturition cows were moved to a ventilated tie-
stall barn where they were individually fed once daily at ~ 0700 h. On d 29 after parturition cows 
returned to the farm herd. Amounts of feed offered were adjusted daily to maintain 5 to 10% 
refusals for the groups fed for ad libitum intake (i.e., CE, HE). Water was available at all times. 
Body weight and BCS were measured once weekly, on the same day, after the morning milking 
and after feeding. Body condition score was assessed by the same two trained individuals for the 
entire study using a 1 = thin to 5 = obese scale (Ferguson et al., 1994) with quarter-point 
increments; the average score was used for statistical analysis. 
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Sampling and Analysis of Feed and Milk 
Dry matter intake was measured daily. The total mixed ration (TMR) and its components 
were sampled weekly and dried for 24 h at 110°C in a forced air oven to determinate DM. 
Consequently, TMR composition and amounts of dietary DM offered were adjusted weekly. A 
second set of samples of the TMR and its components was obtained weekly, stored at −20 ºC, 
and then composited by month. Composited samples were sent to a commercial laboratory 
(Dairy One, Ithaca, NY) where they were analyzed for nutrient concentrations (Table 2.2) by wet 
chemistry methods (http://dairyone.com/wp-content/uploads/2014/02/Forage-Lab-Analytical-
Procedures-Listing-Alphabetical-July-2015.pdf). Particle size distribution of the TMR offered 
were measured (Table 2.3) once weekly using the Penn State Particle Separator as described by 
Kononoff et al. (2003). To assess potential sorting of the diets, particle size distribution of the 
TMR refused also was determined (Table 2.3) in the same manner as the TMR offered. Cows 
were milked three times daily (0415, 1215, and 2015 h) and milk yields were electronically 
recorded. Milk was sampled twice weekly from consecutive morning, noon, and night milkings. 
Samples were composited in proportion to milk yield at each milking to make two composited 
aliquots. One aliquot containing preservative (Broad Spectrum Microtabs II; D&F Control 
Systems, Inc., Norwood, MA) was analyzed for fat, protein, lactose, milk urea nitrogen (MUN), 
and somatic cell count (SCC) by mid-infrared procedures (AOAC, 1995) at a commercial 
laboratory (Dairy Lab Services, Dubuque, IA). The second aliquot without preservative was 
stored at −20 °C as a backup. Yields of 3.5% fat corrected milk (FCM) and energy corrected 
milk (ECM) were calculated using daily milk yield and milk component concentrations, as 
follows: FCM = [0.432 × milk yield (kg)] + [16.216 × milk fat (kg)] and ECM = [12.97 × fat 
yield (kg) + [7.21 × protein yield (kg)] + [0.327 × milk yield (kg)] (Tyrrell and Reid, 1965). 
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Sampling and Analysis of Blood 
Samples of blood, 20 mL for plasma and 10 mL for serum, were obtained by puncture of 
coccygeal vein or artery with 20-gauge × 2.5 cm needles (Becton Dickinson and Company, 
Franklin Lakes, NJ) in the following manner: once weekly throughout the far-off dry period, 3 
times weekly throughout the close-up dry period, once daily from parturition to 5 d after, and 3 
times weekly from d 6 to 21 after parturition. Samples were collected no more than 1 h after 
feeding into evacuated tubes for serum (SST; containing clot activator) and plasma (K2 
containing EDTA; Becton Dickinson and Company, Franklin Lakes, NJ). Samples for plasma 
were placed on ice immediately after collection. Samples for serum were allowed to clot at room 
temperature for at least 30 min and then placed on ice. All tubes were centrifuged, within 2 h of 
collection, at 4°C for 15 min at 959 × g. After centrifugation aliquots of serum and plasma were 
kept at −20°C until analysis of glucose, insulin, NEFA, BHB, calcium (Ca), and magnesium 
(Mg) concentrations. 
Concentrations of plasma glucose and serum NEFA were measured using a commercial 
kit (Autokit Glucose and HR Series NEFA-HR(2), respectively; Wako Chemicals Inc., 
Richmond, VA). Plasma insulin concentration was quantified using a commercial bovine insulin 
ELISA kit (catalog no. 10-1201-01, Mercodia AB, Uppsala, Sweden). Concentrations of glucose, 
insulin, and NEFA were used to calculate the RQUICKI, as follows: 1 / [log(glucose, mg/dL) + 
log(insulin, μIU/mL) + log(NEFA, mmol/L)] (Holtenius and Holtenius, 2007). Concentrations of 
plasma BHB (Randox Laboratories Ltd, UK, Cat # RB1007), serum Ca (Beckman Coulter Inc., 
Brea, Ca, Cat # OSR6113), and serum Mg (Beckman Coulter Inc., Brea, Ca, Cat # OSR6189) 
were determined at the University of Illinois College of Veterinary Medicine clinical pathology 
laboratory using commercially available kits. 
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Energy Restriction and Energy Calculations 
The energy requirement was calculated using the NRC (2001) equations, as follow: net 
energy required for maintenance (NEM) was calculated as NEM = BW
0.75 × 0.08. Net energy 
required for pregnancy (NEP) was calculated as NEP = [(0.00318 × day of gestation – 0.0352) × 
(calf birth BW/45)]/0.218. Calf birth BW was assumed to be 45 kg. Day of gestation was 
calculated using the last breeding date. Total energy requirement (NEL) for cows in the dry 
period was calculated as NEL = NEM + NEP. Cows on the RE diet were fed to 80% of their 
calculated NEL requirement. The amount of feed offered was adjusted weekly according to the 
aforementioned equations and accounting for DM and energy content of the diet. 
Energy balance was calculated in Mcal/kg and as percentage of calculated requirements 
pre- and postpartum for each cow using equations from the NRC (2001). Net energy intake 
(NEI) was calculated by multiplying daily DMI by NEL density in the diet, which was 
determined using the monthly TMR composites as described earlier. Net energy required for 
lactation (NELAC) was calculated as NELAC = (0.0929 × fat % + 0.0547 × CP % + 0.0395 × 
lactose %) × milk yield. The equation used to calculate prepartum energy balance (EBPRE) was 
EBPRE (Mcal/kg) = NEI – (NEM + NEP) and EBPRE (% requirements) = [NEI/ (NEM + NEP)] × 
100. The equation used to calculate postpartum energy balance (EBPOST) was EBPOST (Mcal/kg) 
= NEI – (NEM + NELAC) and EBPOST (% requirements) = [NEI/ (NEM + NELAC)] × 100. 
 
Statistical Analyses 
The experiment was conducted and analyzed as a randomized complete block design. 
Pre- and postpartum data were analyzed separately. Statistical analysis of collected data was 
performed using  SAS (v9.4 Institute Inc., Cary, NC). Linear mixed models using the MIXED 
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procedure (Littell et al., 1998) were constructed to analyze variables measured over time. Two 
predetermined contrasts were specified. One contrast compared CE vs. HE diets (effect of diet 
composition for cows fed for ad libitum DMI), whereas the other compared HE vs. RE diets 
(effect of ad libitum or restricted intake of the same diet). Daily measurements for DMI, NEL 
intake, EB, and milk yield were reduced to weekly means before statistical analysis. For 
variables measured over time the model contained the fixed effects of treatment, time, and their 
interaction. Additionally, to evaluate the effect of THI on variables analyzed over time, the 
variable month and the interaction of treatment and month was specified in the model. For initial 
BW and BCS, absolute BW and BCS change, and calf birth BW the model contained the fixed 
effect of treatment. Cow was considered as a random effect. Time (day or week) was specified as 
repeated with cow as subject when analyzing variables measured over time. Initial 
measurements, before treatment administration, were used as covariates when analyzing the 
respective data. The covariance structures considered for repeated measures analysis were 
compound symmetry, autoregressive order 1, autoregressive heterogeneous order 1, 
unstructured, Toeplitz, and spatial power. The last covariance structure was considered when 
analyzing unequally spaced data such as metabolites before calving. The covariance structure 
that yielded the lowest Akaike information criterion corrected value was used in the models 
(Littell et al., 1998). Least squares means were calculated and are presented with the respective 
standard error. When the interactions of treatment and time was significant, differences between 
treatments at each time point were identified using the differences of least squares means. 
Tukey–Kramer adjustment was specified in the LSMEANS statement and Tukey–Kramer 
adjusted P-values were used for all comparisons. Degrees of freedom were estimated by using 
the Kenward-Roger method (Littell et al., 1998) in the model statement. Residual distribution for 
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each variable was assessed for normality and homoscedasticity. Statistical significance was 
declared at P ≤ 0.05 and trends toward significance effects were noted when 0.05 < P ≤ 0.10. 
 
RESULTS 
Ambient Temperature and THI 
Mean temperature, and high, mean, and low THI as well as the number of cows that 
remained enrolled by month throughout the experiment are presented in Figure 2.1. The 
experiment was conducted mostly during the summer. High and mean THI showed that cows 
experienced heat stress during most of the study. High temperature remained above 25°C from 
May to September, whereas mean temperature remained above 20°C from May to August. 
Similarly, high THI remained above 75 from May to September, whereas mean THI remained 
above 68 from May to August. Highest mean temperature and mean THI occurred in months 
(June, July, and August) with the greatest percentage of cows (41, 70, and 81%, respectively) 
enrolled in the study. When assessing the effect of ambient temperature and THI, lower (P < 
0.05) postpartum DMI, NEL intake, EB, and milk yield were observed in July, the month with 
the highest ambient temperature and THI during the experiment. The interaction of treatment and 
month was not significant for any of the variables analyzed prepartum or postpartum. 
 
Nutrient Composition of the Diets 
The ingredient composition of diets fed pre- and postpartum throughout the experiment is 
presented in Table 2.1. The CE diet contain ed (DM basis) 80% forage constituted by wheat 
straw (45%), corn silage (41%), alfalfa silage (11%), and alfalfa hay (2%). The HE and RE diet 
was more energy-rich and contained 79% forage consisting of corn silage (69%), alfalfa silage 
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(17%), alfalfa hay (8%), and whole cottonseed (6%). It should be noted that HE and RE 
treatments used the same diet but fed either for ad libitum intake or restricted intake to provide 
80% of the NEL requirements, respectively. Consequently, HE and RE shared the same 
ingredient and nutrient composition. The lactation diet was made of 57% forage from corn silage 
(59%), alfalfa silage (16%), cottonseed (14%), alfalfa hay (6%), and wheat straw (5%). 
The nutrient composition of the diet is presented in Table 2.2. Diets fed through the dry 
and lactation periods differed (P < 0.01) in DM content. The CE and HE diets were formulated 
to have similar (P > 0.10) contents of CP, available protein, adjusted CP, and soluble protein. 
However, the HE diet was formulated to be closer to (P > 0.05) the lactation diet in contents of 
ADF, NDF, NFC, starch, crude fat, TDN, and NEL. Lignin content did not differ (P = 0.47) 
among diets fed throughout the study. In vitro true digestibility at 30 h (IVTD 30h) and NDF 
digestibility at 30 h (NDFD 30h) were similar (P > 0.05) for the HE and lactation diets. 
Digestibility values from HE and lactation diets were greater than those obtained for the CE diet. 
Diets fed during the dry period were formulated to have similar vitamins and minerals content, 
with no anionic salts included but at a near zero DCAD. 
The physical characteristics of the diets offered and refused based on the Penn State 
Particle Separator (Kononoff et al., 2003) are presented on Table 2.3. Heinrichs and Kononoff 
(2002) suggested that desirable TMR particle size for high producing dairy cows is 2 to 8% of 
the particles in the upper sieve (19.0 mm), 30 to 50% in the middle (8.0 mm) and lower sieves 
(1.18 mm), and no more than 20% on the bottom pan. Results generated by the Penn State 
Particle Separator indicated that consistent mixed diets with characteristics similar to those 
recommended (Heinrichs and Kononoff, 2002) were delivered to cows throughout the study. 
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Prepartum DMI, BW, and BCS 
As designed, DMI during the dry period differed (P < 0.01) among treatments (Table 
2.4). Cows fed HE consumed 2.7 and 6.2 kg/d more DM than CE and RE, respectively. An 
interaction of treatment and time (P = 0.04) occurred for DMI prepartum. Increased DMI for HE 
fed cows remained constant during 4 wk following dry-off (14.0 ± 0.95 kg/d) and sharply 
decreased 2 wk before parturition (12.3 ± 0.93 kg/d). The DMI for CE was similar for the first 2 
wk of the dry period (10.7 ± 0.75 kg/d), increased in the following 2 wk (12.6 ± 0.74 kg/d), and 
decreased in similar fashion to HE fed in the 2 wk preceding parturition (11.4 ± 0.74 kg/d). For 
RE fed cows, DMI remained constant through the dry period (8.1 ± 0.82 kg/d) with no 
significant decrease close to parturition (Figure 2.2A). Similar responses were found when DMI 
was expressed as percentage of BW (Figure 2.2B). 
Intake of NEL prepartum differed (P < 0.01) among treatments (Table 2.4) as designed. 
Cows fed HE consumed 6.7 and 9.9 Mcal/d more than CE and RE, respectively. There was a 
trend (P = 0.10) towards significant interaction of treatment and time for NEL intake. Cows fed 
HE had the highest NEL intake through the dry period; it remained fairly constant during 4 wk 
following dry-off (22.4 ± 1.34 Mcal/d), and then decreased abruptly 2 wk prior to parturition 
(19.8 ± 1.19 Mcal/d). The NEL intake for CE fed cows remained relatively constant and similar 
to RE fed cows during the first 2 wk of the dry period (15.3 ± 0.99 Mcal/d), increased the 
following 2 wk (17.4 ± 0.95 Mcal/d), and then decreased in the last 2 wk before parturition (15.8 
± 0.95 Mcal/d). For RE fed cows, NEL intake remained constant through the dry period (13.0 ± 
1.06 kg/d) with no significant decrease close to parturition (Figure 2.3). 
Calculated EB prepartum differed (P < 0.01) among treatments (Table 2.4). Cows fed HE 
were 7.2 and 10.7 Mcal/d in greater EB than CE and RE, respectively. A significant interaction 
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of treatment and time (P = 0.03) occurred for EB prepartum. Cows fed HE had the highest 
positive EB through the dry period (9.7 ± 1.33 Mcal/d during 4 wk following dry-off), even 
when DMI intake decreased 2 wk before parturition (4.4 ± 1.19 Mcal/d). The EB for CE 
remained near zero and similar to RE cows during 3 wk following dry-off (0.12 ± 0.98 Mcal/d), 
increased for the following 2 wk as result of increased DM and NEL intake during this period 
(2.3 ± 0.95 Mcal/d), and came back near zero 1 wk before parturition (−1.0 ± 0.95 Mcal/d). 
Restricted intakes of DM and NEL in RE fed cows turned into a constant slightly negative EB 
(−2.7 ± 1.07 Mcal/d) through the entire dry period with no significant change close to parturition 
(Figure 2.4A). The EB expressed as percentage of requirements followed similar trends. Cows 
fed HE reached 165 ± 8.4% of their NEL requirement during the 4 wk following dry-off, and 
then decreased to 129 ± 7.5% 2 wk before parturition. Cows fed CE diet achieved 100 ± 6.3% of 
their requirement during the first 2 wk of the dry period, increased to 114 ± 6.0% for the 
following 2 wk, and then decreased to 102 ± 6.0% 2 wk before parturition. For RE fed cows, EB 
remained fairly stable (83 ± 6.7%) through the entire dry period with no significant change near 
parturition (Figure 2.4B).  
At dry-off, BW did not differ (P > 0.05) among dietary treatments (Table 2.4). However, 
this was not the case at the end of the dry period. Cows fed HE ended with greater BW (P = 
0.03) than RE, but no difference was observed between CE and HE (P = 0.73). The absolute BW 
change for HE was 43.2 kg when compared to RE cows. An interaction of treatment and time (P 
= 0.05) was observed for BW. Across time, BW was similar (P > 0.05) for CE and RE but it 
increased in the last 3 wk before parturition for HE. Despite differences among treatments for 
intakes of DM and NEL as well as BW gain during the dry period, calf birth BW did not differ (P 
= 0.81) among treatments. Initial BCS was similar (P = 0.54) among treatments and remained 
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this way throughout the dry period. Consequently, change in BCS, either overall or on a weekly 
basis, was not different (P > 0.05) among treatments. 
 
Postpartum DMI, BW, and BCS 
Differences in DMI between treatments did not occur (P > 0.99) postpartum (Table 2.4). 
However, DMI steadily increased over time (P < 0.01) from 12.5 kg/d in wk 1 to 14.0, 17.2, and 
18.4 kg/d in wk 2, 3, and 4, respectively. These values represented 1.8, 2.1, 2.6, and 2.9%, 
respectively, when DMI was expressed as a percentage of BW. Dry matter intake postpartum 
combined with NEL content of the lactation diet resulted in similar (P = 0.93) NEL intake among 
treatments (Table 2.4). The NEL intake was different over time (P < 0.01); cows consumed 19.4, 
22.5, 27.6, and 29.9 Mcal/d in wk 1, 2, 3, and 4 of lactation, respectively. Although intakes of 
DM and NEL increased over time, EB remained negative during the first 28 DIM with no 
differences (P = 0.97) among treatments but with significant changes over time (P < 0.01). Thus, 
EB was similar during wk 1 and 2 (−17.8 and −18.3 Mcal/d, respectively) and decreased during 
wk 3 and 4 (−13.8 and −12.5 Mcal/d, respectively) of lactation, as a result of increased intake. 
Energy balance expressed as percentage of NEL requirements was 50, 55, 67, and 71% for wk 1, 
2, 3, and 4, respectively. Overall during the 28 DIM, cows reached around 60% of their NEL 
requirement (Table 2.4) with variation over time. Thus, EB was similar during wk 1 and 2 and 
increased during wk 3 and 4 (67 and 71%, respectively) of lactation. Interactions of treatment 
and time were not observed for DMI, NEL intake, or EB. 
Lack of differences among treatments in postpartum DMI, NEL intake, and EB resulted in 
similar (P > 0.05) BW and BCS (Table 2.4). Weekly or absolute BW and BCS changes were not 
different (P > 0.05) among treatments during the first 28 DIM. However, BW and BCS 
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decreased over time (P < 0.01) regardless of dry period treatments. While significant (P < 0.01) 
BW losses occurred in wk 1 (−81 kg), 2 (−39 kg), and 3 (−18 kg), just a marginal loss was 
observed in wk 4 (−8.5 kg). Likewise, BCS linearly decreased from wk 1 to wk 3, leveling off in 
wk 4 postpartum. Interactions of treatment and time were not observed for BW, BW change, 
BCS, or BCS change. 
 
Milk Yield and Milk Composition 
At dry-off, there was no difference among treatments groups in lactation number (3.07 ± 
1.14) or previous lactation 305-d mature equivalent yields of milk (12,015 ± 1,509 kg), fat (467 
± 60 kg), and protein (369 ± 44 kg). Analysis of production data revealed no differences (P > 
0.05) in yields of milk, 3.5% FCM, or ECM among treatments (Table 2.5). Nevertheless, yields 
of milk, 3.5% FCM and ECM increased (P < 0.01) as DIM progressed. Interactions of treatment 
and time were not observed (P > 0.14). Milk components were not different (P > 0.05) across 
treatments, but changed over time (Table 2.5). Interactions of treatment and time were not 
present for milk components. 
 
Blood Metabolites, Insulin, Ca, and Mg 
Blood metabolites (glucose, NEFA, and BHB) along with insulin, Ca, and Mg were 
measured 5 d before and 5 d after parturition (Table 2.6). Dietary treatments fed during the dry 
period had no effects (P > 0.05) pre- or postpartum on any of these metabolites, insulin, Ca, or 
Mg. However, significant changes (P < 0.05) were observed over time. Glucose concentrations 
remained steady 5 d prior to parturition (64.3 mg/dL), significantly increased at parturition (86.2 
mg/dL), and decreased thereafter (55.5 mg/dL). Insulin concentrations remained stable 5 d 
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before parturition (10.0 µIU/mL) and significantly decreased after parturition (6.3 µIU/mL). 
Contrary to concentrations of glucose and insulin, concentrations of NEFA and BHB were lower 
prepartum (0.54 mg/dL and 0.45 mmol/L, respectively) than postpartum (0.76 mg/dL and 1.10 
mmol/L, respectively). Lack of differences among treatments in pre- and postpartum 
concentrations of glucose, insulin, and NEFA resulted in similar RQUICKI values among 
treatments. However, postpartum RQUICKI was different (P = 0.01) over time. A lower 
RQUICKI value was observed at d 1 (0.18) compared to the following 4 d (0.21) after 
parturition. Calcium concentrations remained stable 5 d prior to parturition (9.20 mg/dL), 
decreased at parturition reaching the nadir on d 1 postpartum (7.88 mg/dL), and increased 
thereafter (8.79 mg/dL). Conversely, concentrations of Mg were greater 5 d prepartum (2.28 
mg/dL) than 5 d postpartum (2.04 mg/dL). 
 
DISCUSSION 
Prepartum Performance 
As expected cows fed ad libitum (CE and HE) had greater DMI compared to those 
assigned to restricted feeding (RE). Cows fed HE had 23% greater DMI than CE cows, which 
might be expected because of the greater forage NDF content for CE (45.7% vs. 36.8% for CE 
and HE). Similar DMI during the dry period has been reported by Agenas et al. (2003) and 
Rabelo et al. (2003) when feeding diets with different energy densities or restricted feeding 
(Holcomb et al., 2001; Dann et al., 2005). Decreases in DMI 2 wk prior to partition were more 
pronounced in HE and CE than RE fed cows (33, 24, and 8%, respectively). Marked peripartal 
decreases of DMI in ad libitum fed cows are in agreement with results reported by others 
(Drackley, 1999; Grummer et al., 2004). Decreases in DMI close to parturition in ad libitum fed 
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cows in the present study were lower than the 47% reported by Douglas et al. (2006) and greater 
than the 10% decrease reported by Grum et al. (1996). Cows fed RE through the dry period 
maintained DMI as parturition approached, which was consistent with results obtained by 
Winkelman et al. (2008), Hayirli et al. (2011), and Janovick and Drackley (2010). Factors that 
influence and regulate DMI during the prefresh period were categorized as those related to the 
animal, diet, management, and climate among others (Hayirli et al., 2002; Allen and Piantoni, 
2013). Similarly, the depression in DMI prior to parturition has been associated with physical 
constraints due to the growing uterus, hormonal changes associated to parturition, as well as 
endocrine and metabolic regulation (Ingvartsen and Andersen, 2000; Ingvartsen, 2006; Allen and 
Piantoni, 2013). 
Differences among treatments in DMI during the dry period resulted in different NEL 
intakes. According to the NRC (2001), the NEL requirement for a 680 kg Holstein dry cow is 
between 14 and 15 Mcal/d. Although cows fed ad libitum had greater NEL intake, CE cows did 
not greatly exceed their requirement when compared to HE cows. While HE fed cows consumed 
7.92 Mcal/d (53%) more than their estimated NEL requirement, CE consumed just 0.67 Mcal/d 
(5%) more than their NEL requirement. These estimates represent mean intake through the entire 
dry period. However, the greatest mean intake for CE and HE occurred 3 wk before parturition, 
at which time HE cows consumed 25.0 Mcal/d, which represented 164% of NEL requirement 
whereas CE cows consumed 18.7 Mcal/d or 122% of NEL requirement. These results confirm 
that feeding moderate energy density diets for ad libitum intake predisposes dry cows to 
consume energy and nutrients well in excess of their requirements, which has been demonstrated 
previously by our research group (Dann et al., 2006; Janovick and Drackley, 2010) as well as in 
earlier studies (Kunz et al., 1985; Boisclair et al., 1986). Furthermore, high-fiber, low-energy 
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density diets allow cows to consume feed at ad libitum intake, meeting the requirements for 
protein and other nutrients but preventing overconsumption of energy. On the other hand, cows 
fed RE consumed 13.0 Mcal/d, which represented −2.74 Mcal/d or 17% below their NEL 
requirements, similar to the results reported by Dann et al. (2006), Douglas et al. (2006), and 
Janovick and Drackley (2010). 
Although in the present study initial BW was not statistically different among treatments, 
numerically lower and higher BW was observed at dry-off in HE and RE, respectively, when 
compared to the CE group. Despite these numerical differences, BW gain during the dry period 
was higher in HE, likely due to the greater DM and NEL intakes, compared to CE and RE cows. 
Differences in intake and BW gain prepartum did not translate into differences in BCS or BCS 
change in the present study. The estimated BW gain due to fetal growth during the dry period is 
35 to 40 kg (NRC, 2001). The BW gain of cows fed HE (54.9 kg) and CE (40.7 kg) was higher 
and similar, respectively, to the estimated values of the NRC (2001); whereas, that of RE (11.7 
kg) was much less. Nevertheless, calf birth BW in the present study averaged 43.8 ± 0.68 kg and 
were not significantly different among treatments, which is consistent with previous studies in 
our group (Dann et al., 2006; Douglas et al., 2006; Janovick and Drackley, 2010) as well as 
others (Tesfa et al., 1999; Guo et al., 2007; Colazo et al., 2009). Together with the fact that RE 
cows were in negative energy balance throughout the dry period, this leads us to suggest that 
body reserves were mobilized to support fetal growth, although changes in BCS were not 
observed in this group. Changes in BCS during the dry period may not be sensitive enough to 
reflect differences in actual body fat reserves, particularly for internal adipose depots (Drackley 
et al., 2014). 
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Body weight and BCS responses to energy feeding during the dry period are not as 
consistent as DM and NEL intakes across research studies. Increases in BW and BCS when 
feeding moderate or high energy density diets for ad libitum intake also has been reported by 
Rukkwamsuk et al. (1998), Agenas et al. (2003), and Dann et al. (2006). However, Doepel et al. 
(2002) fed diets containing low (1.30 Mcal/kg) or high (1.65 Mcal/kg) energy density with either 
low (12.5%) or high (17.0%) CP from 21 d prior to parturition and reported no differences in 
BW, BW changes, BCS, and BCS changes throughout their study. To assess the effects of 
different energy density diets during the prepartum and postpartum transition period on 
periparturient lactation performance and ruminal parameters, Rabelo et al. (2003) fed “low” 
(1.58 Mcal/kg) or “high” (1.70 Mcal/kg) energy diets from 28 d prior to parturition, then half of 
the cows from each prepartum treatment group received low (1.57 Mcal/kg) or high (1.63 
Mcal/kg) energy density diets until 20 DIM; after d 20 to d 70 postpartum all cows were fed the 
high (1.63 Mcal/kg) energy lactation diet. Although higher BCS at d 1 postpartum and higher 
BCS change during the prepartum period were reported in cows fed high energy diets, no 
differences due to prepartum treatments were observed in BW in the last wk prior to parturition 
or BW change during the prefresh period. It should be noted that the “low” energy diet in their 
study was similar in NEL density to our HE diet and in excess of NRC (2001) recommendations. 
To characterize blood metabolite profiles during the transition period and to evaluate the effects 
of abruptly changing the diet versus maintaining the same diet before and after parturition Guo et 
al. (2007) fed a non-lactating control diet (1.54 Mcal/kg) 14 d prior to parturition or a transition 
diet (1.71 Mcal/kg of NEL) 14 d before to 14 d after parturition. They found no treatment effect 
on BW and BCS changes throughout the study. Similarly, no effect on BW and BCS prepartum 
was reported by Huang et al. (2014) who fed either high (1.63 Mcal/kg), middle (1.48 Mcal/kg), 
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or low (1.29 Mcal/kg) energy density diets during the close up period followed by a common 
lactation diet (1.72 Mcal/kg) after calving to determine an appropriate close-up dietary energy 
density for multiparous Holstein cows with ad libitum access to feed. Discrepancies among 
studies may be related to differences in the energy density of the diets, differences in forages and 
other ingredients, variation in the BW and BCS of animals across studies, but most likely mainly 
due to feeding timeframe. Most studies that observed increased BW and BCS fed their cows 
moderate or high energy density diets for longer periods than in studies that did not report any 
differences. On the other hand, cows subjected to restricted feeding below requirements during 
the dry period lost BW and BCS (Dann et al., 2006; Douglas et al., 2006; Colazo et al., 2009). 
 
Postpartum Performance 
 Dietary treatments fed during the dry period did not influence DMI, NEL intake, or EB 
postpartum. Cows remained in negative EB throughout the first 28 DIM, regardless of dry period 
dietary treatments. However, as lactation progressed, the DM and NEL intakes steadily increased, 
which in turn decreased the negative EB. Similar findings were reported by Douglas et al. 
(2004), Guo et al. (2007), and Tienken et al. (2015) who fed moderate or high energy density 
diets during the dry period. However, in an earlier study Kunz et al. (1985) found greater DMI 
from parturition to 60 DIM in cows that were fed to meet requirements compared to those fed ad 
libitum during the dry period, although no differences were observed from 61 to 105 DIM. 
Holcomb et al. (2001) evaluated the effects of prepartum DMI and forage percentage on 
postpartum performance of lactating dairy cows by feeding high or low forage diets with each 
being offered for free or restricted intake from 28 d prior to parturition, followed by a common 
lactation diet from parturition to 28 DIM. As expected, restricted cows had lower DMI 
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prepartum than those fed free choice, but the opposite occurred after parturition, when cows fed 
restricted amounts prepartum had greater DMI postpartum. Agenas et al. (2003) reported higher 
DMI at 1 wk postpartum in cows fed low and moderate compared to high energy density diets 
during the dry period, although these differences were not observed during the first 12 wk of 
lactation (Holtenius et al., 2003). Cardoso et al. (2013) summarized 7 studies completed in our 
research group from 1993 to 2010, and although the aim of the study was to examine the 
association among prepartum energy feeding regimen and reproductive performance, they 
reported that cows subjected to controlled energy intake (≤ 100% of their NEL requirement) 
during the dry period had greater DM and NEL intakes postpartum than those allowed to 
overconsume high energy diets (> 100% of their NEL requirement). In contrast, Rabelo et al. 
(2003) reported trends for greater DMI (expressed as kg/d or % BW) during the first 20 DIM in 
cows and heifers fed high than low energy diets prepartum, but no difference was observed in the 
same period for NEL intake due to prepartum treatments. In addition, it was reported that 
prepartum and postpartum diets varying in energy density did not affect DM and NEL intakes 
from 1 to 70 DIM (Rabelo et al., 2003). 
 In our study, dietary treatments fed during the dry period did not affect postpartum BW 
and BCS nor weekly or absolute changes in these. Similar results were reported by others who 
fed prepartum low, medium, or high energy density diets (Rabelo et al., 2003; Dann et al., 2006; 
Guo et al., 2007) with varying protein levels (VandeHaar et al., 1999; Doepel et al., 2002) or 
those who evaluated ad libitum versus restricted feeding (Holcomb et al., 2001; Winkelman et 
al., 2008; Colazo et al., 2009). Furthermore, our results also agreed with Bertics et al. (1992) 
who offered a moderate energy, high-forage diet (1.51 Mcal/kg) either at free choice or force-fed 
by placing refused feed through a rumen cannula from 16 d before parturition to 1 DIM, 
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followed by a diet consisting of 25% concentrate and 75% forage (1.60 Mcal/kg) from 1 or 2 
through 5 DIM, and a 50% concentrate and 50% forage (1.69 Mcal/kg) from 6 to 28 DIM in 
order to evaluate the effects of feed intake depression prior to parturition on the development of 
fatty liver and subsequent lactation performance. Nonetheless, several studies from our group 
(Douglas et al., 2004; Douglas et al., 2006; Janovick and Drackley, 2010) as well as other 
research groups (Rukkwamsuk et al., 1999b; Agenas et al., 2003; Hayirli et al., 2011; Huang et 
al., 2014) agreed that feeding moderate or high energy density diets during the dry period 
predisposes cows to greater losses of BW and BCS after parturition, even though cows did not 
get excessively overconditioned during the dry period. 
 Similar DM and NEL intakes postpartum in our experiment may have led to the lack of 
differences in yields of milk, 3.5% FCM, ECM, and milk composition. Many studies that have 
evaluated the effect of prepartum diets varying in energy density (Agenas et al., 2003; Rabelo et 
al., 2003; Douglas et al., 2004) along with different protein content (Doepel et al., 2002) or those 
that have assessed ad libitum and restricted feeding (Dann et al., 2006; Winkelman et al., 2008; 
Colazo et al., 2009; Hayirli et al., 2011) support our findings. Despite the fact that no differences 
were detected in milk yield or other milk components, greater FCM yield and milk fat 
concentration were observed in cows that consumed energy above their requirements during the 
dry period in other studies (Bertics et al., 1992; Grum et al., 1996; Dann et al., 2005; Douglas et 
al., 2006; Janovick and Drackley, 2010), which suggests that such differences were the results of 
lower DMI and higher fat mobilization that led to greater BCS losses. These results were further 
confirmed by Mann et al. (2015a) who found higher postpartum concentrations of NEFA and 
BHB in blood, as well as greater concentration of preformed fatty acids in milk fat, of cows fed a 
diet formulated to supply 150% compared to those fed diets to supply 125% or just to meet their 
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energy requirements during the dry period. On the other hand, Kunz et al. (1985) observed a 
lower peak yield but greater persistency in cows fed to meet requirements compared to those fed 
ad libitum during the dry period. Based on these findings it was suggested to look at total 
lactation milk yield as well as reproduction parameters and other non-milk indicators of 
economic value rather than early peak yields (Drackley, 2011). In addition, Tesfa et al. (1999) 
found that increasing prepartum dietary energy level from 17.9 to 29.9 Mcal/d decreased mean 
milk yield in primiparous (from 25.0 to 20.0 kg) and multiparous (from 33.0 to 30.0 kg) cows. 
Similarly, Huang et al. (2014) observed that feeding a high energy diet (1.63 Mcal/kg) prepartum 
resulted in lower milk yield during the first 70 DIM but greater FCM yield and milk fat 
concentration during the first 21 DIM compared to a middle (1.48 Mcal/kg) or low (1.29 
Mcal/kg) energy diets. Although Holcomb et al. (2001) reported no significant effect of 
prepartum feeding treatments on milk yield, it was observed that cows subjected to restricted 
feeding prepartum produced more milk early in lactation (20 to 50 DIM) than those allowed 
unrestricted DMI. 
 
Ambient Temperature and THI 
In our study, the negative effects of heat stress on DMI, NEL intake, and EB cannot be 
overlooked. The thermoneutral zone of dairy cattle is about 5 to 20°C; temperatures below or 
above this range alter behavioral and metabolic responses (NRC, 2001). Besides the increase of 7 
to 25% in NEM (NRC, 1981), an increase in ambient temperature above the thermoneutral zone 
suppresses DMI (22% in middle to late lactation multiparous Holstein cows) and NEL intake, 
which combine to decrease milk production (Holter et al., 1997). A THI value ≥ 72 has been 
generally accepted as the upper threshold of the comfort zone for dairy cows. However, 
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Zimbelman et al. (2009) observed adverse effects at lower THI values and proposed 68 as the 
new upper threshold for modern high producing dairy cows. As previously stated, our study was 
conducted mostly during the summer. Throughout the experiment high ambient temperature 
ranged from 34.9 ± 2.8 to 16.4 ± 5.5°C and mean ambient temperature ranged from 27.6 ± 2.4 to 
10.7 ± 4.8 °C. Similarly, high THI ranged from 92.5 ± 4.9 to 61.6 ± 9.7 and mean THI ranged 
from 76.6 ± 3.4 to 52.4 ± 7.4. This suggests that cows experienced moderate to severe heat stress 
throughout the study, which may have been the cause of lower DMI, NEL intake, EB, and milk 
yield when compared to some studies (Janovick and Drackley, 2010; Mann et al., 2015a) but not 
in others (Agenas et al., 2003; Dann et al., 2006; Hayirli et al., 2011; Huang et al., 2014) that 
have evaluated different feeding strategies during the dry period. 
Concerns have been raised that the greater forage content of diets like CE might lead to 
greater ruminal heat of fermentation compared with diets such as HE in our study. However, this 
potential difference might be negated by the greater DMI of cows fed HE. Although not directly 
measured in our study, the lack of differences in postpartum DMI, milk yield, and milk 
composition among dry period dietary groups is suggestive that there were no pronounced 
differential effects of diets on heat stress impact. 
 
Blood Metabolites, Insulin, Ca, and Mg Measured Before and After Parturition  
Dietary treatments fed during the dry period did not affect blood metabolites (glucose, 
NEFA, and BHB), insulin, Ca, or Mg measured 5 d before and 5 d after parturition. In our study, 
samples were taken within 1 h after feeding, which may have minimized differences among 
treatments. However, researchers that have measured blood metabolites for a greater number of 
days before and after calving have reported significant differences. For instance, in cows overfed 
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during the dry period Rukkwamsuk et al. (1999b) found greater concentrations of glucose and 
insulin at 1 wk prior to parturition and greater concentrations of NEFA and liver triacylglycerol 
at 0.5, 1, 2, and 3 wk postpartum. Similarly, Holtenius et al. (2003) measured blood metabolites 
from 8 wk before to 12 wk after parturition in cows fed low, medium, or high energy density 
diets during the dry period. The authors reported higher prepartum concentrations of glucose and 
insulin in cows fed high compared to low or medium energy density diets, but postpartum 
concentrations of NEFA were higher during the first month of lactation in cows fed medium and 
high energy density diets. It is of general consensus among research studies that dry cows fed 
moderate or high energy density diets showed increased concentrations of glucose and insulin 
prepartum, but elevated concentrations of NEFA and BHB along with decreased concentrations 
of glucose and insulin postpartum (Guo et al., 2007; Janovick et al., 2011; Mann et al., 2015c). In 
contrast, cows fed to meet or be slightly deficient in energy intake relative to requirements 
exhibited low concentrations of glucose and insulin with elevated concentration of NEFA 
prepartum, but the opposite postpartum (Kunz et al., 1985; Murondoti et al., 2004; Dann et al., 
2006; Douglas et al., 2006; Hayirli et al., 2011).VandeHaar et al. (1999) fed prepartum low, 
medium, and high energy density diets with each containing low, medium, or high protein levels 
and reported trends for lower and higher concentrations of NEFA 2 wk before and 1 wk after 
parturition, respectively, for cows fed a high-energy, high-protein prepartum diet. However, as in 
our experiment, differences or trends were not observed due to higher variation in the days closer 
to calving (VandeHaar et al., 1999). In line with our results, Tesfa et al. (1999) found no effect of 
dietary energy intake prepartum on concentrations of glucose, NEFA, BHB, Ca, and Mg 
measured 6 d before to 8 d after parturition. 
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Perspective 
Despite the significant advances in nutrition and management of dry cows over the past 
decades, what is an optimal management strategy remains controversial. On one side, high 
energy diets meant to overcome feed intake depression prior to parturition lead to greater 
propionate production in the rumen and promotes insulin secretion, which in turn decreases 
NEFA mobilization and hepatic conversion to triglycerides and ketone bodies (Rabelo et al., 
2001). In addition, this type of diet may promote rumen papillae development, increase VFA 
absorption from the rumen, and prepare the rumen microbial population for common lactation 
diets fed after parturition (Dann et al., 1999; VandeHaar et al., 1999). Nonetheless, cows fed 
high energy diets for ad libitum intake prepartum have shown greater DMI depression before and 
increased NEFA, BHB, and liver triglycerides after parturition, beside no substantial effects on 
milk production and composition (Rukkwamsuk et al., 1998; Agenas et al., 2003; Douglas et al., 
2006; Mann et al., 2015c). On the other hand, controlled energy intake through feeding high 
fiber, low energy density diets has shown positive effects during the transition period. The 
addition of low energy ingredients such as wheat straw or low quality grass hay to prepartum 
diets allows cows to consume feed for ad libitum intake without greatly exceeding their daily 
energy requirements (Drackley and Dann, 2008). Our research group (Dann et al., 2006; Douglas 
et al., 2006; Janovick and Drackley, 2010) as well as others (Agenas et al., 2003; Huang et al., 
2014; Mann et al., 2015c) have demonstrated that feeding this type of diet increases postpartum 
DMI, leading to decreased postpartum metabolic disorders through decreased concentrations of 
NEFA, BHB, and hepatic lipid accumulation. However, tendency for lower milk yield in early 
lactation (Janovick and Drackley, 2010) and lower peak yield but increased persistency (Kunz et 
al., 1985) have been reported. Restricted feeding prepartum also has shown beneficial effects 
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during the transition period (Holcomb et al., 2001; Murondoti et al., 2004; Dann et al., 2005; 
Douglas et al., 2006; Hayirli et al., 2011). Although restricted feeding has yielded promising 
results in research trials, its successful implementation in commercials settings seems difficult to 
achieve because of competition and access to feed. 
Because of the discrepancy and controversy across studies, our objective was to evaluate 
production and metabolic responses in cows fed three feeding strategies throughout the dry 
period in the absence of periparturient disorders such as displacement of abomasum, retained 
placenta, metritis, or milk fever. Production and metabolic responses were not affected by 
feeding strategy during the dry period if cows remained healthy. Our findings bring new 
questions such as what are the factors (physiology, nutrition, management, environment, 
comfort) that contribute to diseases and metabolic disorders during the periparturient period. Is it 
overfeeding, over-conditioning, or the abrupt change in BW and BCS throughout the dry period 
that affects performance of periparturient dairy cows? 
 
CONCLUSIONS 
By design, cows fed ad libitum had greater intakes of DM and NEL than cows subjected 
to restricted feeding. Although DMI prior to parturition significantly decreased in cows fed ad 
libitum compared to restricted fed cows, the decrease in NEL intake was lower in CE compared 
to HE cows. Therefore, feeding a CE compared to a HE diet at ad libitum intake throughout dry 
period prevented cows from overconsuming energy relative to their requirements. Consequently, 
absolute BW gain was greater in HE compared to CE and RE fed cows, although, changes in 
BCS were not observed. Blood metabolites (glucose, NEFA, and BHB), insulin, Ca, and Mg 
measured 5 d before and 5 d after parturition were not affected by dry period dietary treatment. 
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The findings of this study suggest that production and metabolic responses were not affected by 
dry period energy intake in cows that remained healthy, that is, free of displaced abomasum, 
retained placenta, metritis, or milk fever. 
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TABLES AND FIGURES 
Table 2.1. Ingredient composition of the diets fed to multiparous Holstein cows during the 
dry and early lactation period 
 Dry Period1 
Lactation4 
Ingredient, % of DM CE2 HE and RE3 
Alfalfa hay 1.99 5.97 3.36 
Alfalfa silage 8.88 13.6 9.32 
Corn silage 33.2 54.1 33.6 
Wheat straw 36.0 ― 2.80 
Cottonseed ― 4.98 8.02 
Ground shelled corn 4.04 12.6 20.9 
Soy hulls ― ― 4.66 
Soybean meal, 48% CP 11.6 4.35 4.29 
Expeller soybean meal5 ― ― 8.39 
Blood meal, 85% CP ― ― 1.30 
Urea 0.20 0.19 ― 
Rumen-inert fat6 ― ― 0.34 
Limestone 0.82 0.84 1.07 
Salt (plain) 0.20 0.14 0.21 
Dicalcium phosphate 0.79 0.70 0.40 
Magnesium chloride 0.46 0.70 ― 
Magnesium oxide 0.40 0.38 0.07 
Magnesium sulfate 0.99 1.05 ― 
Sodium bicarbonate ― ― 0.74 
Calcium chloride ― ― 0.12 
Mineral-vitamin mix7 0.20 0.21 0.37 
Vitamin A8 0.01 0.01 ― 
Vitamin D9 0.01 0.01 ― 
Vitamin E10 0.26 0.24 0.04 
Water 0.01 ― ― 
1Dry period diets fed from dry-off to parturition. 
2Controlled energy (CE) diet formulated to supply 100% of the NRC (2001) requirements for 
energy and all nutrients, fed for ad libitum intake. 
3High energy (HE) and restricted energy (RE) diet formulated to supply 160 to 180% of energy 
(NEL) requirements at ad libitum intake. 
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Table 2.1. (cont.) 
4Lactation diet formulated to meet or exceed the NRC (2001) requirements for energy and all 
nutrients at ad libitum intake.  
5SoyPLUS (West Central Cooperative, Ralston, IA). 
6Energy Booster 100 (MSC, Eden Prairie, MN). 
7Contained a minimum of 5% Mg, 10% S, 7.5% K, 2.0% Fe, 3.0% Zn, 3.0% Mn, 5,000 mg/kg 
of Cu, 250 mg/kg of I, 40 mg/kg Co, 150 mg/kg of Se, 2,200 kIU/kg of vitamin A, 660 kIU/kg 
of vitamin D3, and 7,700 IU/kg of vitamin E. 
8Contained 30,000 kIU/kg. 
9Contained 5,009 kIU/kg. 
10Contained 44,000 IU/kg. 
66 
Table 2.2. Nutrient composition of the diets fed to multiparous Holstein cows during the dry 
and early lactation period (mean ± standard deviation) 
 Dry Period1 
Lactation2 
Component CE HE and RE 
DM, % 47.3 ± 3.13 43.4 ± 2.51 50.5 ± 3.72 
CP, % of DM 14.3 ± 0.63 15.0 ± 0.46 18.1 ± 0.78 
Available protein, % of DM 13.5 ± 0.72 13.8 ± 0.21 17.1 ± 0.93 
Adjusted CP, % of DM 14.4 ± 0.63 14.9 ± 0.33 18.0 ± 0.85 
Soluble protein, % of DM 42.3 ± 2.58 44.3 ± 2.25 29.8 ± 0.75 
ADF, % of DM 31.1 ± 2.61 23.1 ± 2.62 21.6 ± 2.14 
NDF, % of DM 45.7 ± 3.29 36.8 ± 5.91 32.4 ± 1.71 
Lignin, % of DM 5.12 ± 0.79 4.32 ± 0.73 5.30 ± 2.18 
NFC, % of DM 27.1 ± 2.42 35.9 ± 6.39 37.1 ± 1.85 
Starch, % of DM 14.6 ± 3.68 23.3 ± 6.44 25.9 ± 2.52 
Crude fat, % of DM 2.52 ± 0.12 4.00 ± 0.30 4.85 ± 0.41 
Ash, % of DM 9.81 ± 0.52 8.39 ± 0.52 7.47 ± 0.32 
TDN, % of DM 60.7 ± 2.50 67.7 ± 2.34 69.8 ± 2.64 
NEL, Mcal/kg of DM 1.39 ± 0.06 1.58 ± 0.06 1.64 ± 0.06 
Ca, % of DM 1.09 ± 0.28 0.96 ± 0.14 1.00 ± 0.06 
P, % of DM 0.35 ± 0.04 0.42 ± 0.03 0.43 ± 0.01 
Mg, % of DM 0.51 ± 0.03 0.59 ± 0.06 0.28 ± 0.03 
K, % of DM 1.26 ± 0.11 1.27 ± 0.14 1.19 ± 0.11 
Na, % of DM 0.26 ± 0.35 0.10 ± 0.01 0.27 ± 0.02 
S, % of DM 0.28 ± 0.02 0.33 ± 0.02 0.24 ± 0.01 
Fe, ppm 613 ± 149 574 ± 70.1 526 ± 73.2 
Zn, ppm 88.0 ± 8.81 93.8 ± 11.3 145 ± 16.2 
Cu, ppm 16.5 ± 0.84 18.5 ± 0.55 26.3 ± 2.42 
Mn, ppm 108 ± 19.9 98.0 ± 8.55 129 ± 2.83 
Mo, ppm 1.63 ± 0.21 1.53 ± 0.34 1.65 ± 0.31 
IVTD 30h,3 % of DM 75.7 ± 1.63 83.7 ± 2.07 86.2 ± 0.98 
NDFD 30h,4 % of NDF 47.0 ± 1.79 55.2 ± 3.06 57.2 ± 3.06 
DCAD, mEq/kg 88 63 252 
1Dry period diets fed 50 d before expected parturition. Controlled energy diet (CE), fed at ad 
libitum intake and formulated to supply 100% of the NRC (2001) requirements for energy 
(NEL) and all nutrients; High energy diet (HE), formulated to supply 150% of NEL requirements 
at ad libitum intake; Restricted-energy diet (RE), offered to 80% of cows’ calculated NEL 
requirement (NRC, 2001) by controlled intake of the HE ration. 
67 
Table 2.2. (cont.) 
2Lactation diet formulated to meet or exceed the NRC (2001) requirements for energy and all 
nutrients.  
3 In vitro true digestibility at 30 h period. 
4 NDF digestibility at 30 h period. 
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Table 2.3. Particle size distribution of feed offered and refused from multiparous Holstein 
cows during the dry and early lactation period 
 Dry Period1 
Lactation2 
 CE HE and RE 
Number of samples 54 54 48 
Particle size of offered feed3 ---------------------- % as fed retained ------------------------ 
   Upper sieve, > 19.0 mm 8.16 ± 5.34 8.10 ± 4.95 5.17 ± 5.34 
   Middle sieve, 8.0 – 19.0 mm 47.3 ± 3.48 51.2 ± 3.46 41.9 ± 3.48 
   Lower sieve, 4.0 – 8.0 mm 35.1 ± 2.28 32.2 ± 2.45 36.9 ± 2.35 
   Bottom pan, < 4.0 mm 9.42 ± 1.82 8.44 ± 2.62 16.1 ± 2.12 
Particle size of refused feed3    
   Upper sieve, > 19.0 mm 6.81 ± 6.45 5.06 ± 3.75 4.89 ± 4.76 
   Middle sieve, 8.0 – 19.0 mm 47.3 ± 4.40 52.2 ± 7.43 42.6 ± 4.31 
   Lower sieve, 4.0 – 8.0 mm 35.1 ± 3.30 32.9 ± 5.54 37.5 ± 2.45 
   Bottom pan, < 4.0 mm 10.7 ± 2.13 9.82 ± 3.17 15.1 ± 3.39 
1Dry period diets fed 50 d before expected parturition. Controlled energy diet (CE), fed at ad 
libitum intake and formulated to supply 100% of the NRC (2001) requirements for energy 
(NEL) and all nutrients; High energy diet (HE), formulated to supply 150% of NEL requirements 
at ad libitum intake; Restricted-energy diet (RE), offered to 80% of cows’ calculated NEL 
requirement (NRC, 2001) by controlled intake of the HE ration. 
2Lactation diet formulated to meet or exceed the NRC (2001) requirements for energy and all 
nutrients.  
3Particle size data are presented as means with standard deviations. A 3-screen Penn State 
Particle Size Separator (Pennsylvania State University) was used for measurements (Kononoff 
et al., 2003).  
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Table 2.4. Least squares means and associated SEM for BW, BCS, DMI, and energy balance and milk components of cows fed 
controlled energy (CE), high energy (HE), or restricted energy (RE) diets during the dry period 
 Treatment¹ 
SEM2 
P-value3 
 CE HE RE CE vs. HE HE vs. RE 
Prepartum       
   Initial BW,4 kg 753 716 808 34.3 0.42 0.06 
   BW, kg 797 800 776 7.11 0.73 0.03 
   BW weekly change,5 kg 8.01 5.31 5.26 2.67 0.42 0.99 
   BW absolute change,6 kg 40.7 54.9 11.7 8.95 0.22 0.001 
   Initial BCS 3.59 3.39 3.58 0.15 0.31 0.35 
   BCS 3.53 3.57 3.56 0.09 0.72 0.92 
   BCS weekly change5 0.01 0.02 -0.02 0.05 0.82 0.44 
   BCS absolute change6 -0.16 0.07 -0.08 0.12 0.15 0.35 
   DMI, kg/d 11.6 14.3 8.1 0.56 <0.01 <0.01 
   DMI, % BW 1.48 1.91 1.00 0.07 <0.01 <0.01 
   NEL intake, Mcal/d 16.2 22.9 13.0 0.80 <0.01 <0.01 
   Energy balance, Mcal/d 0.67 7.92 -2.74 0.81 <0.01 <0.01 
   Energy balance,7 % 105 153 83 4.87 <0.01 <0.01 
   Calf birth BW, kg 43.8 43.8 44.5 43.1 0.73 0.52 
Postpartum       
   BW, kg 664 650 706 28.5 0.71 0.15 
   BW weekly change,5 kg -37.8 -38.2 -34.1 3.50 0.92 0.38 
   BW absolute change,6 kg -60.0 -74.7 -63.0 11.3 0.32 0.44 
   BCS 2.97 3.00 2.99 0.12 0.87 0.93 
   BCS weekly change5 -0.12 -0.16 -0.15 0.03 0.34 0.74 
   BCS absolute change6 -0.13 -0.39 -0.25 0.11 0.07 0.35 
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Table 2.4. (cont.) 
 Treatment¹ 
SEM2 
P-value3 
 CE HE RE CE vs. HE HE vs. RE 
   DMI, kg/d 15.5 15.7 15.4 1.23 0.89 0.88 
   DMI, % BW 2.38 2.46 2.22 0.22 0.79 0.42 
   NEL intake, Mcal/d 24.8 25.4 24.3 2.12 0.82 0.72 
   Energy balance, Mcal/d -15.6 -15.8 -15.3 1.70 0.93 0.82 
   Energy balance,7 %  61.1 62.2 60.0 3.70 0.82 0.66 
1 CE = controlled energy diet, fed at ad libitum intake and formulated to supply 100% of the NRC (2001) requirements for energy 
(NEL) and all nutrients; HE = high energy diet, formulated to supply 150% of NEL requirements at ad libitum intake; RE = restricted-
energy diet, fed to 80% of cows’ calculated NEL requirement (NRC, 2001) by controlled intake of the HE ration. 
2 Greatest SEM. 
3 Preplanned contrasts CE versus HE and HE versus RE. 
4 Initial measurements taken before treatment administration. 
5 Weekly changes, for both BW and BCS changes were calculated subtracting the value of the current wk minus the value of previous 
wk. 
6 For both BW and BCS, prepartum change was calculated subtracting the last value before parturition minus the value at dry-off. 
Postpartum change was calculated subtracting the value at wk 4 minus the value at wk 1. 
7 Expressed as percentage of NEL requirements.
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Table 2.5. Least squares means and associated SEM for milk yield and milk components of cows fed controlled energy (CE), high 
energy (HE), or restricted energy (RE) diets during the dry period 
 Treatment¹ 
SEM2 
P-value3 
 CE HE RE CE vs. HE HE vs. RE 
Milk yield, kg/d       
   Milk yield 36.3 37.2 36.9 2.09 0.72 0.91 
   3.5% FCM 44.2 45.7 45.8 3.17 0.72 0.97 
   ECM 43.2 44.3 44.2 3.04 0.78 0.99 
Milk composition       
   Fat, % 5.12 5.10 5.00 0.29 0.84 0.39 
   Fat, kg/d 1.77 1.86 1.68 0.15 0.66 0.39 
   Protein, % 3.17 3.16 3.02 0.09 0.92 0.25 
   Protein, kg/d 1.12 1.11 1.09 0.08 0.93 0.84 
   Lactose, % 3.17 3.16 3.02 0.09 0.68 0.82 
   Lactose, kg/d 1.65 1.71 1.71 0.15 0.78 1.00 
   Urea N, mg/dL 9.9 11.4 10.5 0.69 0.09 0.31 
   SCC4 0.11 0.13 0.13 0.02 0.24 0.85 
3.5% FCM/DMI, kg/kg 3.54 2.68 3.40 0.62 0.90 0.96 
ECM/DMI, kg/kg 3.44 2.56 3.30 0.59 0.97 0.99 
1 CE = controlled energy diet, fed at ad libitum intake and formulated to supply 100% of the NRC (2001) requirements for energy 
(NEL) and all nutrients; HE = high energy diet, formulated to supply 150% of NEL requirements at ad libitum intake; RE = restricted-
energy diet, fed to 80% of cows’ calculated NEL requirement (NRC, 2001) by controlled intake of the HE ration. 
2 Greatest SEM. 
3 Preplanned contrasts CE versus HE and HE versus RE. 
4 Transformed the inverse of SCC square root. 
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Table 2.6. Least squares means and associated SEM for blood metabolites 5 d before and 5 d after calving of cows fed controlled 
energy (CE), high energy (HE), or restricted energy (RE) diets during the dry period 
 Treatment¹ 
SEM2 
P-value3 
 CE HE RE CE vs. HE HE vs. RE 
Prepartum       
   Glucose, mg/dL 66.5 69.8 67.8 3.46 0.47 0.67 
   Insulin, μIU/mL 8.3 10.0 11.8 2.47 0.48 0.84 
   NEFA, mmol/L 0.56 0.50 0.57 0.12 0.79 0.66 
   RQUICKI4 0.20 0.19 0.18 0.01 0.47 0.76 
   BHB, mmol/L 0.50 0.36 0.49 0.10 0.28 0.35 
   Ca, mg/dL 9.18 9.21 9.08 0.23 0.94 0.67 
   Mg, mg/dL 2.26 2.38 2.19 0.09 0.32 0.14 
Postpartum       
   Glucose, mg/dL 55.5 56.9 54.0 2.48 0.67 0.39 
   Insulin, μIU/mL 5.75 6.33 6.75 1.34 0.42 0.91 
   NEFA, mmol/L 0.76 0.74 0.76 0.11 0.98 0.86 
   RQUICKI4 0.21 0.20 0.20 0.01 0.41 0.89 
   BHB, mmol/L 1.06 1.00 1.24 0.16 0.50 0.38 
   Ca, mg/dL 8.55 8.73 8.55 0.20 0.46 0.49 
   Mg, mg/dL 2.04 2.02 2.08 0.06 0.83 0.45 
1 CE = controlled energy diet, fed at ad libitum intake and formulated to supply 100% of the NRC (2001) requirements for energy 
(NEL) and all nutrients; HE = high energy diet, formulated to supply 150% of NEL requirements at ad libitum intake; RE = restricted-
energy diet, fed to 80% of cows’ calculated NEL requirement (NRC, 2001) by controlled intake of the HE ration. 
2 Greatest SEM. 
3 Preplanned contrasts CE versus HE and HE versus RE. 
4 RQUICKI = revised quantitative insulin sensitivity check index calculated as follows (Holtenius and Holtenius, 2007): 1 / 
[log(glucose, mg/dL) + log(insulin, μIU/mL) + log(NEFA, mmol/L)]. 
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  May Jun Jul Aug Sep Oct 
Treatment             
   CE 1 3 8 10 8 6 
   HE 3 5 5 5 3 2 
   RE 1 3 6 7 5 2 
Total  5 11 19 22 16 10 
Percentage  19 41 70 81 59 37 
 
Figure 2.1. Mean daily ambient temperature along with daily high, mean, and low THI (Illinois 
State Water Survey; http://www.isws.illinois.edu) as well as number of cows (by treatment, total, 
and percentage) that remained enrolled by month throughout the experiment. 
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Figure 2.2. Least squares means and associated SEM for DMI during the dry period, expressed as 
kg/d (A) or as percentage of BW (B), for cows fed controlled energy (CE; high-fiber diet 
formulated to supply 100% of NEL requirements for dry cows in late gestation) or a higher energy 
diet fed either for ad libitum or restricted intake to supply 150% (HE) or 80% (RE) of NEL 
requirements. 
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Figure 2.3. Least squares means and associated SEM for NEL intake during the dry period for 
cows fed controlled energy (CE; high-fiber diet formulated to supply 100% of NEL requirements 
for dry cows in late gestation) or a higher energy diet fed either ad libitum or restricted intake to 
supply 150% (HE) or 80% (RE) of NEL requirements. 
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Figure 2.4. Least squares means and associated SEM for energy balance during the dry period, 
expressed in Mcal/d (A) or as percentage of requirements (B), for cows fed controlled energy (CE; 
high-fiber diet formulated to supply 100% of NEL requirements for dry cows in late gestation) or 
a higher energy diet fed either for ad libitum or restricted intake to supply 150% (HE) or 80% 
(RE) of NEL requirements.  
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CHAPTER 3 
DRY PERIOD PLANE OF ENERGY: EFFECTS ON INSULIN SENSITIVITY AND 
INSULIN RESPONSIVENESS IN COWS THAT REMAINED HEALTHY 
POSTPARTUM 
 
INTRODUCTION 
Allowing cows to consume a higher energy density diet for ad libitum intake during the 
dry period, compared to controlled energy or restricted energy intakes, was associated with 
decreased DMI, greater lipid mobilization, and impaired health during the transition period 
(Drackley et al., 2005; Janovick et al., 2011; Mann et al., 2015a). In addition, cows fed high-
energy density diets during the close-up period presented greater concentrations of glucose and 
insulin prepartum followed by greater concentrations of NEFA and hepatic lipid accumulation 
postpartum (Rukkwamsuk et al., 1999b; Holtenius et al., 2003; Mann et al., 2015a), which 
resembles insulin resistance during the periparturient period. A state of insulin resistance occurs 
wherever a normal concentration of insulin produces a less than normal biological response in 
insulin-sensitive tissues (Kahn, 1978). Insulin resistance can be classified as being the result of 
decreased insulin sensitivity, decreased insulin responsiveness, or a combination of both (Kahn, 
1978; Rizza et al., 1981). 
The GTT and IC are practical methods to assess insulin resistance in dairy cows. The 
GTT is used to assess the ability of the body to metabolize glucose after the administration of a 
measured dose of glucose and the determination of glucose concentrations in the blood at 
measured intervals. In the GTT, blood glucose concentration is the result of the glucose bolus 
plus endogenous glucose production. Blood insulin concentrations are the net result of insulin 
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secretion by the pancreas in response to the glucose bolus and the elimination of insulin by the 
liver. The combination of these physiologic processes results in the typical profile of insulin and 
glucose concentrations during a GTT. Insulin resistance can be identified when glucose 
clearance is low, the AUC for glucose is high, and the time to reach half of the maximal glucose 
concentration and the time to reach basal glucose concentration are high (De Koster and 
Opsomer, 2013). In the IC, after a measured dose of insulin is administered, blood glucose is 
measured at regular intervals to evaluate the response of peripheral tissues to insulin-stimulated 
glucose metabolism. The greater the insulin-stimulated reduction in blood glucose and glucose 
clearance, the higher the insulin response of glucose metabolism of the peripheral tissues. Major 
disadvantages of the IC include the elicited hypoglycemia, which may generate counter-
regulatory mechanisms that might confound the estimation of insulin sensitivity. In addition, 
potentially dangerous neurologic and cardiovascular side effects of the hypoglycemia may arise 
if an overdose of insulin is given (Ferrannini and Mari, 1998; Muniyappa et al., 2008). 
In addition to GTT and IC, indexes (HOMA-IR, QUICKI, and RQUICKI) to estimate the 
degree of insulin resistance have been developed in human medicine and have subsequently been 
implemented in veterinary medicine. In humans, the fasting state is crucial to obtain reliable 
information on insulin resistance derived from the aforementioned indexes (Muniyappa et al., 
2008). In dairy cows, with the exception of suckling calves, it is impossible to achieve a fasting 
state whereby insulin and glucose levels are in a balanced state. In addition, during late 
pregnancy and early lactation concentrations of glucose, insulin, NEFA, BHB, and glycerol can 
change dramatically, thus reducing the reliability these indexes (De Koster and Opsomer, 2013). 
Furthermore, any stressor during sampling can furthermore lead to important changes in glucose, 
NEFA, and insulin, which will affect the interpretation of the insulin index (Leroy et al., 2011). 
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The objective of the present study was to evaluate insulin sensitivity and insulin 
responsiveness before and after parturition in cows maintained on different planes of energy 
nutrition during the dry period. Cows were fed a CE diet at ad libitum intake or a HE diet at 
either ad libitum or RE before calving. Insulin sensitivity and responsiveness were evaluated by 
measuring AUC and the RQUICKI after GTT and IC performed 1 wk before and 1 wk after 
parturition. Because disease states may alter such processes, we chose to determine responses to 
prepartum diet only in cows that remained healthy after calving. Cows were classified as healthy 
if they were free of displacement of abomasum, retained placenta, metritis, or milk fever. 
 
MATERIALS AND METHODS 
Experimental Design and Dietary Treatments 
Experimental procedures were approved by the University of Illinois Institutional Animal 
Care and Use Committee (IACUC # 11193). Complete details of animal, diets, and feeding 
management were described previously (Chapter 2). Briefly, 27 multiparous pregnant Holstein 
cows were selected during late lactation and randomly assigned to 1 of 3 dry period diets in a 
randomized complete block design. Cows were blocked based on parity (3.1 ± 1.1), previous 
lactation 305-d mature-equivalent milk yield (12,015 ± 1,509 kg), BW (762 ± 95 kg), BCS (3.5 ± 
0.4), and expected day of calving. Dietary treatments were applied at the time of drying off. A 
diet that served as control was fed to one group of cows and the remaining cows were fed an 
energy-rich diet either for ad libitum intake or in a moderately limited amount to restrict energy 
intake. Thus, dietary treatments were: 1) CE (n = 11), a high fiber diet offered for ad libitum 
intake and formulated to supply 100% of the NRC (2001) requirements for NEL and all nutrients; 
2) HE (n = 7), offered for ad libitum intake and formulated to supply at least 150% of the NEL 
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requirements (NRC, 2001); and 3) RE (n = 9), offered in limited amounts to supply 80% of 
cows’ calculated NEL requirement (NRC, 2001) by controlled intake of the same HE ration 
(Table 2.1). Cows remained on these dietary treatments from the time of dry-off through 
parturition (CE = 48 ± 4 d; HE = 47 ± 5 d; and RE = 48 ± 4 d). During the dry period cows were 
fed individually once daily at ~ 0600 h using an individual gate system (American Calan Inc., 
Northwood, NH). After parturition cows were moved to a ventilated tie-stall barn where they 
were individually fed a common lactation ration once daily at ~ 0700 h.  
 
Glucose Tolerance Test and Insulin Challenge 
On d −8 ± 4 and d 8 relative to calving, cows received a GTT. A solution of 50% glucose 
(Dextrose 50%, Agri Laboratories Ltd, St. Joseph, IL) was administrated at 0.25 g/kg of BW 
with an intravenous set (PBS Animal Health, Massillon, OH) and a disposable 14-gauge × 3.8 
cm needle (Tyco Healthcare Group LP, Mansfield, MA) for jugular vein access. Cows were 
restrained in a squeeze chute and blood samples were obtained by puncture of coccygeal vein or 
artery, with 20-gauge × 2.5 cm needles (Becton Dickinson and Company, Franklin Lakes, NJ), at 
−30, −15, −5, 5, 10, 15, 30, 60, and 120 min relative to administration of glucose. On d −6 ± 3 
and d 6 relative to calving, cows received an IC. Insulin (Humulin R U-100, Eli Lilly and 
Company, Indianapolis, IN) was administrated at 0.05 IU/kg of BW using sterile 0.9% NaCl 
solution (Abbott Laboratories, Chicago, IL) with an intravenous set (Primary IV Set, Cat. No. 
32065-46-01, Abbott Laboratories, Chicago, IL) and a disposable 14-gauge × 3.8 cm needle 
(Tyco Healthcare Group LP, Mansfield, MA) for jugular vein access. Cow were restrained in a 
squeeze chute and blood samples were obtained, in the same manner as above, at −30, −15, −5, 
5, 10, 15, 30, 60, and 120 min relative to administration of insulin. Blood samples, 20 mL for 
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plasma and 10 mL for serum, were obtained per every time point. Alcohol wipes to clean the 
sampling area were used between time points. Samples for plasma were placed on ice 
immediately after collection. Samples for serum were allowed to clot at room temperature for at 
least 30 min and then placed on ice. All tubes were centrifuged, within 2 h of collection, at 4°C 
for 15 min at 959 × g. After centrifugation, aliquots of serum (4 mL) and plasma (6 mL) were 
kept at −20°C until analysis for glucose, insulin, and NEFA concentration. Depending upon the 
number of cows being tested each day, GTT and IC were performed between 1 and 3 h after 
feeding because a 30-min time frame was allotted between cows. 
 
Analyses of Blood and Calculations 
Glucose and NEFA concentrations were measured using commercial kits (Autokit 
Glucose and HR Series NEFA-HR(2), respectively; Wako Chemicals Inc., Richmond, VA). 
Insulin concentration was quantified using a commercial bovine insulin ELISA kit (catalog no. 
10-1201-01, Mercodia AB, Uppsala, Sweden). Concentrations of glucose, insulin, and NEFA 
were used to calculate the RQUICKI, as follows: 1 / [log(glucose, mg/dL) + log(insulin, 
μIU/mL) + log(NEFA, mmol/L)] (Holtenius and Holtenius, 2007). 
Basal glucose, insulin, and NEFA concentrations (before GTT and IC) were calculated by 
averaging the concentration values from samples taken at 15, 10, and 5 min prior to GTT or IC. 
Peak, mean, and nadir concentrations of glucose, insulin, and NEFA were determined with the 
concentration values from samples taken at 5, 10, 15, 30, 60, and 120 min after GTT or IC. Peak 
and nadir times for glucose, insulin, and NEFA concentrations were determined. The areas under 
the curve of glucose, insulin, and NEFA during the 120 min after GTT and IC were calculated 
using the trapezoidal method and actual concentration values, after correcting for baseline 
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concentration (Cardoso et al., 2011). The positive incremental area under the curve (PIAUC; 
total increment above baseline concentration) was calculated when concentrations of glucose and 
insulin remained above the base line concentration after GTT or IC. The negative area above the 
curve (NAAC; total decrease below the baseline concentration) was calculated when 
concentrations of glucose and NEFA remained below the base line concentration after GTT or 
IC. 
 
Statistical Analyses 
The experiment was conducted and analyzed as a randomized complete block design. 
Pre- and postpartum GTT and IC data were analyzed separately. Statistical analysis of collected 
data was performed using SAS (v9.4 Institute Inc., Cary, NC). Linear mixed models using the 
MIXED procedure (Littell et al., 1998) were constructed to analyze variables measured over 
time. Two predetermined contrasts were specified. One contrast compared CE vs. HE diets 
(effect of diet composition for cows fed for ad libitum DMI), whereas the other compared HE vs. 
RE diets (effect of ad libitum or restricted intake of the same diet). The model to analyze base, 
peak, and nadir concentrations, PIAUC, NAAC, and peak and nadir times contained the fixed 
effect of treatment. The model to analyze concentrations over time contained the fixed effect of 
treatment, time, and their interaction. For every model, cow was considered as a random effect. 
Time point (minutes) was specified as repeated with cow as subject. Basal concentrations, before 
GTT or IC, were used as covariates when analyzing peak, nadir, and concentrations over time. 
The covariance structures considered for repeated measures analysis were compound symmetry, 
autoregressive order 1, autoregressive heterogeneous order 1, unstructured, Toeplitz, and spatial 
power. The last covariance structure was considered when analyzing unequally spaced data such 
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as concentrations of glucose, insulin, and NEFA at different time points. The covariance 
structure that yielded the lowest Akaike information criterion was used in the model (Littell et 
al., 1998). Least squares means were calculated and are presented with the respective standard 
error. Degrees of freedom were estimated by using the Kenward-Roger method (Littell et al., 
1998) in the model statement. Residual distribution for each variable was assessed for normality 
and homoscedasticity. Statistical significance was declared at P ≤ 0.05 and tendency towards 
significance at 0.05 < P ≤ 0.10. 
 
RESULTS 
Glucose Tolerance Test Prepartum 
 The basal concentrations of glucose, insulin, and NEFA before infusion of glucose were 
not different (P > 0.05) between CE and HE or HE and RE (Table 3.1). Mean glucose 
concentration after infusion of glucose tended to be greater in RE than HE (P = 0.09) but no 
differences were observed between CE and HE (P = 0.62). However, mean and peak insulin 
concentrations after infusion of glucose were not different (P > 0.05) between CE and HE or HE 
and RE. Similarly, the PIAUC for glucose and insulin after infusion of glucose were not different 
(P > 0.05) between CE and HE or HE and RE.  
Mean and nadir concentrations of NEFA after infusion of glucose were similar (P > 0.05) 
between CE and HE or HE and RE (Table 3.1). However, the time to reach nadir NEFA 
concentration was greater (P < 0.05) in CE than HE or RE than HE. The NAAC for NEFA after 
glucose infusion was not different (P > 0.05) between CE and HE or HE and RE. 
 The RQUICKI before and after glucose infusion were not different (P > 0.05) between 
CE and HE or HE and RE (Table 3.1). 
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Insulin Challenge Prepartum 
 The basal concentration of glucose before infusion of insulin tended to be lower (P = 
0.06) in CE than HE, but no difference (P = 0.14) was observed between HE and RE (Table 3.2). 
However, the basal concentration of insulin before infusion of insulin did not differ (P > 0.05) 
between CE and HE or HE and RE. The basal concentration of NEFA before infusion of insulin 
tended to be greater (P = 0.08) in CE than HE, but no difference (P = 0.71) was observed 
between HE and RE.  
Mean insulin concentration after infusion of insulin tended to be greater in RE than HE 
(P = 0.09), but no difference (P = 0.99) was observed between CE and HE (Table 3.2). Similarly, 
peak insulin concentration after infusion of insulin was greater in RE than HE (P = 0.04), but no 
difference occurred between CE and HE (P = 0.80). Consequently, the PIAUC for insulin after 
insulin infusion was greater in RE than HE (P = 0.04), but no difference was observed between 
CE and HE (P = 0.47). 
Mean glucose concentration after infusion of insulin did not differ (P > 0.05) between CE 
and HE or HE and RE (Table 3.2). However, nadir concentration of glucose after infusion of 
insulin was lower (P = 0.02) in RE than HE, but no difference was observed between CE and HE 
(P = 0.14). The NAAC for glucose after infusion of insulin was not different (P > 0.05) between 
CE and HE or HE and RE. 
 Mean and nadir concentrations of NEFA after infusion of insulin did not differ (P > 0.05) 
between CE and HE or HE and RE (Table 3.2). However, the NAAC for NEFA after infusion of 
insulin was greater (P = 0.05) in CE than HE, but no difference was observed between HE and 
RE (P = 0.80). 
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The RQUICKI before and after infusion of insulin were not different (P > 0.05) between 
CE and HE or HE and RE (Table 3.2). 
 
Insulin Challenge Postpartum 
 The basal concentrations of glucose, insulin, and NEFA before infusion of insulin were 
not different (P > 0.05) between CE and HE or HE and RE (Table 3.3). Peak insulin 
concentration after infusion of insulin was greater (P = 0.05) in HE than CE, but no difference (P 
= 0.30) was observed between HE and RE. However, mean insulin concentration and the PIAUC 
for insulin after infusion of insulin did not differ (P > 0.05) between CE and HE or HE and RE.  
Mean and peak concentrations of glucose and NEFA after infusion of insulin were not 
different (P > 0.05) between CE and HE or HE and RE (Table 3.3). Consequently, the NAAC for 
glucose and NEFA were similar (P > 0.05) between CE and HE or HE and RE. 
The RQUICKI before and after infusion of insulin were not different (P > 0.05) between 
CE and HE or HE and RE (Table 3.3). 
 
Glucose Tolerance Test Postpartum 
 The basal concentrations of glucose before infusion of glucose was not different (P > 
0.05) between CE and HE or HE and RE (Table 3.4). However, basal concentration of insulin 
was lower (P < 0.01) in HE than CE and in HE than RE. Concentration of NEFA was greater (P 
< 0.05) in HE than CE and in HE than RE. Mean concentration of glucose after infusion of 
glucose tended (P = 0.09) to be greater in HE than CE, but no difference (P = 0.43) was 
observed between HE and RE. Peak glucose concentration after infusion of glucose was not 
different (P > 0.05) between CE and HE or HE and RE. However, the time to reach peak glucose 
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concentration was greater (P = 0.03) in HE than CE and tended (P = 0.10) to be greater in HE 
than RE. The PIAUC for glucose was similar (P > 0.05) between CE and HE or HE and RE. 
 Mean concentration of insulin after infusion of glucose did not differ (P > 0.05) between 
CE and HE or HE and RE (Table 3.4). However, peak insulin concentration after infusion of 
glucose was greater (P = 0.03) in RE than HE, but no difference (P = 0.61) was observed 
between CE and HE. Consequently, the PIAUC for insulin after infusion of glucose was greater 
in RE compared to HE (P = 0.03), but no difference (P = 0.96) was observed between CE and 
HE. 
Mean and peak concentrations of NEFA after infusion of glucose did not differ (P > 0.05) 
between CE and HE or HE and RE (Table 3.4). Nonetheless, the NAAC for NEFA after infusion 
of glucose was greater (P < 0.05) in HE than CE and in HE than RE. 
 The RQUICKI before and after insulin infusion were not different (P > 0.05) between CE 
and HE or HE and RE (Table 3.4).  
 
DISCUSSION 
 The objective of the present study was to evaluate insulin sensitivity and insulin 
responsiveness measured by AUC and the RQUICKI after GTT and IC performed 1 wk before 
and 1 wk after parturition in cows fed a CE diet at ad libitum intake or a HE diet fed at either ad 
libitum or RE throughout the dry period. Greater PIAUC for insulin on IC prepartum and GTT 
postpartum in RE compared to HE indicates lower insulin sensitivity in cows fed RE. A stage of 
decreased sensitivity to a hormone occurs when the maximal response is unchanged but greater 
than normal concentrations of hormone are required to elicit a quantitatively normal response 
(Kahn, 1978; Rizza et al., 1981). Decreased responsiveness occurs when the maximal response 
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to hormone is decreased but the dose-response relationship that exist between no hormonal effect 
and response is unchanged (Kahn, 1978; Rizza et al., 1981). Insulin responsiveness on the IC 
prepartum and GTT postpartum was unaffected as the PIAUC for glucose was similar between 
HE and RE despite higher insulin concentration and greater PIAUC for insulin in RE cows, 
which confirmed lower insulin sensitivity and reduced insulin clearance in RE than in HE. 
Compared to CE, cows fed HE had greater glucose concentration and lower NEFA concentration 
before IC prepartum. However, insulin and NEFA concentrations before GTT postpartum were 
lower and higher, respectively, in HE compared to CE. After infusion of glucose on GTT 
postpartum, the PIAUC for glucose was greater in HE than in CE, but no difference was 
observed in the PIAUC for insulin. These results indicated lower glucose clearance and lower 
insulin responsiveness in HE compared to CE. In addition, the NAAC for NEFA was greater in 
HE than CE and HE than RE.  
 Mechanism of insulin resistance may occur prior to the interaction of insulin with the 
receptor, at the level of the receptor, or post-receptor. Defects at the pre-receptor and receptor 
levels would result in decreased sensitivity, whereas post-receptor abnormalities may be 
manifested as decreased responsiveness (Kahn, 1978). To determine whether decreased insulin 
sensitivity in RE is prior to the receptor or at the receptor would involve further analysis than just 
quantifying insulin and glucose concentrations. However, causes of insulin resistance prior to the 
receptor would include factors that reduce free insulin concentration such as increased insulin 
degradation, or binding of insulin by insulin antibodies (Kahn, 1978; Rizza et al., 1981). Greater 
PIAUC for insulin on GTT postpartum lead us to suggest that decreased sensitivity was related 
to alterations at the receptor rather than pre-receptor level. On the other hand, decreased 
responsiveness in HE compared to CE may be related to post-receptor abnormalities.  
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 Cows undergo an induced insulin resistant stage during late gestation and early lactation 
to spare glucose for placenta and mammary gland tissues (Bell, 1995a; Bell et al., 2000). The 
fact that RE were offered reduced amounts of feed only once daily may have worsened the 
induced insulin resistance. Adipose tissue and its derivatives play an important role in the 
determination and modulation of insulin sensitivity in glucose metabolism of dairy cows (De 
Koster and Opsomer, 2013). Elevated concentration of NEFA causes inhibition of insulin-
stimulated glucose uptake by peripheral tissues, decreases the number of GLUT4 transporters, 
and disturbs intracellular insulin signaling pathways in the liver and peripheral tissues (Hayirli, 
2006). These events ensure that mobilization of body reserves can occur to support pregnancy 
and lactation during times of negative EB (Janovick et al., 2011). Although there were no 
differences among treatments in BCS and BW at dry-off, cows on the RE group began the study 
with numerically greater BW than CE or HE groups. Due to the feed restriction, RE remained in 
negative EB throughout the dry period, which led to lower BW gain and slight BCS loss. These 
results indicate some degree of body reserves mobilization, although concentration of NEFA 
before GTT and IC was not significantly higher in RE. However, cows fed HE, compared to 
those fed CE or RE, showed greater circulating NEFA before glucose infusion and, 
consequently, the NAAC for NEFA was greater after glucose infusion on GTT postpartum. 
Ohtsuka et al. (2001) reported that NEFA concentrations were negatively correlated with the 
insulin-stimulated reduction in blood glucose after an insulin challenge in dairy cows suffering 
from different degrees of fatty liver. Similarly, Kerestes et al. (2009) found that cows with 
elevated BHB concentrations (> 1 mmol/L from 2 d prior to calving until 7 d following calving) 
showed higher insulin resistance in glucose metabolism of peripheral tissues. The authors 
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reported that higher concentrations of NEFA were significantly correlated with a lower insulin 
secretion. These findings support the role of NEFA in the development of insulin resistance. 
 In a recent study, Salin et al. (2017) performed GTT and IC on d −10 ± 5 and 10 ± 1 
relative to parturition in cows fed differently during the dry period. Cows were fed either 1) a 
controlled energy diet at ad libitum intake to meet 100% of the calculated ME requirement of a 
pregnant cow or 2) a high-energy diet at ad libitum intake to meet 150% of the calculated ME 
requirement of a pregnant cow during the far-off period followed by increasing feed restriction 
(5% decrease in DMI every 2 d) during the close-up period to meet the energy requirement by 
the day of expected parturition to mimic typical decreases in voluntary DMI. There were no 
treatment effects on glucose and insulin responses (basal and peak concentrations, clearance rate, 
and AUC) to GTT. However, the AUC at 60 min for plasma NEFA was less negative in cows 
fed high energy than those fed controlled energy before calving, but the opposite was observed 
postpartum (Salin et al., 2017). Similarly, Mann et al. (2015b) performed GTT on d −28, −10, 4, 
and 21 relative to parturition in cows fed during the dry period a controlled energy diet, a high 
energy diet, or the same controlled energy diet during the first 28 d followed by a 50:50 blend of 
both controlled and high energy diets until parturition. The authors reported no differences in 
GTT parameters (AUC, maximal concentration, time to half-maximal concentration, and 
clearance rate for glucose and insulin) among treatments. However, overfeeding cows beyond 
predicted energy requirements resulted in decreased postpartum basal plasma glucose and 
insulin, as well as increased glucagon, BHB, and NEFA concentrations after calving when 
compared to controlled energy (Mann et al., 2015b). The authors concluded that higher 
concentrations of NEFA and BHB in cows fed high energy compared with controlled energy 
were likely due to greater negative EB postpartum reflected in lower circulating concentrations 
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of glucose and insulin and an increase in the total amount of mobilized adipose tissue mass rather 
than to changes in adipose tissue insulin signaling (Mann et al., 2016). These results are in 
agreement with those obtained by Ji et al. (2012) who reported that overfeeding a moderate 
energy diet, compared to a controlled energy diet, during the close-up period did not aggravate 
insulin resistance in subcutaneous adipose tissue. Nonetheless, overfeeding a moderate energy 
diet resulted in greater DMI, NEL intake, EB, BCS, and serum insulin concentration during the 
close-up period followed by a drastic increase of serum BHB and NEFA concentrations 
postpartum, which was associated with greater hepatic total lipid and triacylglycerol 
concentrations (Ji et al., 2012). Other studies have reported that feeding moderate to high energy 
diets for ad libitum intake compared to controlled energy diets or restricted feeding during the 
dry period resulted in increased EB that led to greater concentrations of glucose and insulin and 
decreased fat mobilization prepartum, followed by increased concentrations of NEFA and BHB 
in blood and hepatic lipid accumulation postpartum (Rukkwamsuk et al., 1998; Murondoti et al., 
2004; Dann et al., 2006; Douglas et al., 2006; Janovick et al., 2011). Although findings from Ji et 
al. (2012), Mann et al. (2015b), Mann et al. (2016), and Salin et al. (2017) confirmed the 
aforementioned results, they did not observe association between insulin resistance and 
overfeeding energy during the dry period. 
 Although restricted feeding during the dry period has generated favorable metabolic 
results in research trials, few studies have evaluated its effect on insulin resistance. Schoenberg 
et al. (2012) performed GTT and HEC test under fed and feed-deprived states during the far-off 
dry period in multiparous Holstein cows fed a high plane (162% of the NEL requirement) or low 
plane (90% of the NEL requirement) of nutrition to determine the effects of plane of nutrition 
followed by feed deprivation on metabolic responses to insulin. The authors reported that plane 
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of nutrition did not affect glucose and insulin responses (basal, minimum, and maximum 
concentrations, clearance rate, time to reach half maximal and basal concentrations, and AUC) 
during GTT or HEC; however, feed deprivation significantly affected these variables. Lower 
basal (before glucose infusion) and lower minimum (after glucose infusion) glucose 
concentrations along with decreased glucose clearance rate, greater time to reach half maximal 
and basal glucose concentrations, and AUC for glucose were observed during the GTT in feed-
deprived cows (Schoenberg et al., 2012). Similarly, lower basal (before glucose infusion) and 
lower maximum (after glucose infusion) insulin concentrations along with decreased AUC for 
insulin were observed during the GTT in feed deprived cows (Schoenberg et al., 2012). Plane of 
nutrition as well as feed deprivation affected metabolism of NEFA such that cows fed low plane 
of nutrition and those feed deprived had greater basal concentration, clearance rate, and AUC 
decrement for NEFA during the GTT (Schoenberg et al., 2012). Results generated during the 
GTT were confirmed during the HEC (Schoenberg et al., 2012). The authors stated that neither 
GTT nor HEC detected significant differences in insulin resistance due to dietary treatment; 
however, feed deprivation significantly affected glucose, insulin, and NEFA metabolism. 
 Differences between the findings of Schoenberg et al. (2012) and our study may be 
associated with one or a combination of the following factors: the time at which GTT and IC 
were performed relative to feeding, frequency of feeding, time frame of cows being exposed to 
restricted feeding regimen, level of feed restriction, timing of GTT and IC relative to calving, 
and specific aspects associated to the experimental units such as BW, BCS, and EB. In our study, 
GTT and IC were performed 1 wk before and 1 wk after calving, GTT and IC were carried out 
between 1 and 3 h after feed was delivered to the cows (feed was not removed before GTT or 
IC), feed was offered once per day, cows remained in restricted feeding regimen (80% of the 
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NEL requirements) throughout the dry period, and although there was not difference in BW at 
dry-off among treatments, RE cows had numerically greater BW at dry-off when compared to 
CE or HE. In contrast to our study, Schoenberg et al. (2012) performed GTT and HEC during the 
far-off period and approximately 2 h after feed removal, cows on both planes of nutrition were 
fed at ad libitum intake and twice daily, and cows were feed deprived for 56 h but supplemented 
with vitamins and minerals using wheat middlings as a carrier. 
Piantoni et al. (2015) reported that in both early postpartum and late lactation cows, the 
concentration of insulin in plasma increased while concentrations of glucose and NEFA 
decreased as early as 4 h after feeding. Performing the GTT and IC after feed delivery may be 
the reason for lack of differences in prepartum basal concentrations of glucose, insulin, and 
NEFA between CE and HE or RE and HE. Zachut et al. (2013) found greater response of insulin 
to GTT in prepartum than in early and mid-lactation cows, but glucose clearance was similar 
among these stages. The authors also found that phosphorylation of insulin receptor and protein 
kinase B in response to GTT, both in liver and in adipose tissue, was significantly greater 
prepartum than in early lactation. However, when cows were categorized as those experiencing 
high BW loss or low BW loss, adipose tissue of low BW loss cows had increased protein kinase 
B phosphorylation (i.e., greater responsiveness to insulin) in prepartum and early lactation than 
adipose tissue of high BW loss cows (Zachut et al., 2013). These results are consistent with data 
of Pires et al. (2007b) who performed intravenous infusions of tallow to evaluate whether 
elevated blood NEFA induced insulin resistance. Infusions of tallow induced hyperlipidemia; 
cows infused with tallow had lower glucose clearance and longer times to reach half maximal 
and basal glucose concentrations during the GTT and IC, along with greater peak concentration 
and AUC for insulin during the GTT but not during the IC (Pires et al., 2007b). The authors 
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concluded that induction of hyperlipidemia causes insulin resistance in Holstein cows by 
impairing both sensitivity and maximum responsiveness to insulin. In another experiment, Pires 
et al. (2007a) found that reduction of plasma NEFA concentration led to significantly greater 
glucose clearance rate and to decreased glucose half-life, time to reach basal glucose 
concentration, and glucose AUC. Similar results have been reported in other species (Van Epps-
Fung et al., 1997; Gao et al., 2004; Cusi, 2010). In a recent study, Rico et al. (2015) found that 
overweight cows (BCS = 4.1 ± 0.10) compared to lean cows (BCS = 2.9 ± 0.22) experienced 
accelerated BCS and BW losses, increased NEFA concentration, and decreased insulin 
sensitivity (as measured by the RQUICKI) during late pregnancy. Furthermore, greater adiposity 
and NEFA mobilization led to greater concentrations of ceramides during the periparturient 
period in overweight cows (Rico et al., 2015). The authors also found the majority of ceramides 
positively correlated with NEFA concentrations and negatively correlated with insulin 
sensitivity, which is similar to results observed in humans (Ichi et al., 2006; Haus et al., 2009; 
Dube et al., 2011). 
Based on these previous data, our results lead us to suggest that lower insulin 
responsiveness in HE and lower insulin sensitivity observed in RE cows likely was associated 
with fat mobilization, although basal concentrations of NEFA before GTT and IC performed 
prepartum and postpartum do not support fat mobilization in RE cows. As previously discussed, 
lack of difference in basal concentrations of NEFA may be associated with feeding cows close to 
GTT and IC, which may have caused increased insulin concentration and decreased NEFA 
concentration in RE cows. The fact that RE cows had numerically higher BW at dry-off and they 
were feed restricted to 80% of the NEL requirement, which led to negative EB, lower BW gain, 
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and a slight BCS loss throughout the dry period indicate that RE experienced some degree of fat 
mobilization. 
 
CONCLUSIONS 
 The findings of the current study indicated that there were no differences in PIAUC for 
glucose after glucose infusion or in NAAC after insulin infusion in overfed (HE) cows compared 
to underfed (RE) cows. However, the PIAUC for insulin after infusion of glucose or insulin was 
greater in cows fed RE than those fed HE. This finding indicates lower insulin sensitivity with 
unaltered insulin responsiveness in cows fed restricted amounts of feed. Cows fed RE 
experienced a greater degree of induced insulin resistance, perhaps to spare glucose for placenta 
and mammary gland tissues, as a result of greater circulating NEFA, or a combination of both. 
However, the concentration of NEFA was not increased when measured before GTT and IC. 
Compared to CE, cows fed HE showed greater PIAUC for glucose and lack of differences in 
PIAUC for insulin after glucose infusion on GTT postpartum. This indicates lower glucose 
clearance and lower insulin responsiveness in HE, which was likely the result of high NEFA 
concentration postpartum. Additional investigation of these findings using molecular techniques 
(gene expression, metabolomics, and proteomics) of adipose tissue could be undertaken to help 
confirm these findings. 
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TABLES 
Table 3.1. Least squares means and associated SEM for blood metabolites on glucose tolerance test (GTT) prepartum of cows fed 
controlled energy (CE), high energy (HE), or restricted energy (RE) diets 
 Treatment¹ 
SEM2 
P-value3 
GTT prepartum CE HE RE CE vs HE HE vs RE 
Glucose       
   Baseline concentration,4 mg/dL 59.9 62.7 60.1 2.15 0.33 0.38 
   Mean concentration,5 mg/dL 110 105 123 110 0.62 0.09 
   Peak concentration, mg/dL 157 157 180 157 0.99 0.24 
   Peak time, min 10.5 7.86 6.11 10.5 0.51 0.40 
   PIAUC,6 mg/dL × min 3327 3082 3788 510 0.71 0.31 
Insulin       
   Baseline concentration,4 µIU/mL 8.07 12.57 10.88 2.26 0.13 0.58 
   Mean concentration,5 µIU/mL 98.2 71.9 109.2 19.6 0.49 0.35 
   Peak concentration, µIU/mL 171 154 228 46.2 0.77 0.24 
   Peak time, min 10.4 9.29 11.7 2.02 0.67 0.39 
   PIAUC,6 µIU/mL × min 5591 3943 6080 1527 0.90 0.23 
NEFA       
   Baseline concentration,4 mmol/L 0.56 0.35 0.48 0.10 0.12 0.38 
   Mean concentration,5 mmol/L 0.36 0.34 0.34 0.04 0.81 0.95 
   Nadir concentration, mmol/L 0.23 0.15 0.16 0.04 0.13 0.80 
   Nadir time, min 67.5 36.9 90.0 9.88 0.02 <0.01 
   NAAC,7 mmol/L × min 27.9 16.0 25.9 6.60 0.17 0.27 
RQUICKI8       
   Baseline value4 0.20 0.19 0.19 0.01 0.62 0.88 
   Mean value5 0.14 0.15 0.15 0.004 0.11 0.32 
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Table 3.1. (cont.) 
1 CE = controlled energy diet, fed at ad libitum intake and formulated to supply 100% of the NRC (2001) requirements for energy and 
all nutrients; HE = high energy diet, formulated to supply 160 to 180% of energy (NEL) requirements at ad libitum intake; and RE = 
restricted energy diet, fed to 80% of their calculated NEL requirements by controlled intake of the HE ration. 
2 Greatest SEM. 
3 Preplanned contrasts CE versus HE and HE versus RE. 
4 Mean concentration of time -30, -15, and -5 minutes before infusion. 
5 Mean concentration of time +5, +10, +15, +30, +60, and +120 minutes after infusion. 
6 Positive incremental area under the curve. 
7 Negative area above the curve. 
8RQUICKI = revised quantitative insulin sensitivity check index calculated as follows (Holtenius and Holtenius, 2007): 1 / 
[log(glucose, mg/dL) + log(insulin, μIU/mL) + log(NEFA, mmol/L)].  
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Table 3.2. Least squares means and associated SEM for blood metabolites on insulin challenge (IC) prepartum of cows fed 
controlled energy (CE), high energy (HE), or restricted energy (RE) diets 
 Treatment¹ 
SEM2 
P-value3 
IC prepartum CE HE RE CE vs HE HE vs RE 
Glucose       
   Baseline concentration,4 mg/dL 60.3 66.1 61.3 2.28 0.06 0.14 
   Mean concentration,5 mg/dL 49.4 50.9 48.4 1.91 0.57 0.35 
   Nadir concentration, mg/dL 40.0 44.6 36.6 2.34 0.14 0.02 
   Nadir time, min 34.5 27.1 33.8 5.29 0.14 0.14 
   NAAC,6 mg/dL × min 1480 1365 1473 262 0.74 0.77 
Insulin       
   Baseline concentration,4 µIU/mL 9.92 10.5 8.80 2.60 0.88 0.65 
   Mean concentration,5 µIU/mL 62.5 54.1 114.9 29.4 0.99 0.09 
   Peak concentration, µIU/mL 181 161 335 59.0 0.80 0.04 
   Peak time, min 7.00 6.43 5.63 1.19 0.72 0.63 
   PIAUC,7 µIU/mL × min 2275 1861 3199 434 0.47 0.04 
NEFA       
   Baseline concentration,4 mmol/L 0.73 0.48 0.53 0.11 0.08 0.71 
   Mean concentration,5 mmol/L 0.41 0.46 0.46 0.04 0.35 0.53 
   Nadir concentration, mmol/L 0.34 0.26 0.30 0.07 0.36 0.69 
   Nadir time, min 35.5 42.9 52.5 16.2 0.30 0.50 
   NAAC,6 mmol/L × min 24.8 12.0 13.7 4.87 0.05 0.80 
RQUICKI8       
   Baseline value4 0.18 0.19 0.21 0.01 0.73 0.31 
   Mean value5 0.17 0.17 0.16 0.01 0.56 0.33 
1 CE = controlled energy diet, fed at ad libitum intake and formulated to supply 100% of the NRC (2001) requirements for energy 
and all nutrients; HE = high energy diet, formulated to supply 160 to 180% of energy (NEL) requirements at ad libitum intake; and 
RE = restricted energy diet, fed to 80% of their calculated NEL requirements by controlled intake of the HE ration. 
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Table 3.2. (cont.) 
2 Greatest SEM. 
3 Preplanned contrasts CE versus HE and HE versus RE. 
4 Mean concentration of time -30, -15, and -5 minutes before infusion. 
5 Mean concentration of time +5, +10, +15, +30, +60, and +120 minutes after infusion. 
6 Negative area above the curve. 
7 Positive incremental area under the curve. 
8 RQUICKI = revised quantitative insulin sensitivity check index calculated as follows (Holtenius and Holtenius, 2007): 1 / 
[log(glucose, mg/dL) + log(insulin, μIU/mL) + log(NEFA, mmol/L)].  
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Table 3.3. Least squares means and associated SEM for blood metabolites on insulin challenge (IC) postpartum of cows fed 
controlled energy (CE), high energy (HE), or restricted energy (RE) diets 
 Treatment¹ 
SEM2 
P-value3 
IC postpartum CE HE RE CE vs HE HE vs RE 
Glucose       
   Baseline concentration,4 mg/dL 54.1 54.7 59.1 4.61 0.92 0.48 
   Mean concentration,5 mg/dL 43.9 41.7 43.5 2.43 0.49 0.60 
   Nadir concentration, mg/dL 31.0 29.8 36.8 3.65 0.80 0.16 
   Nadir time, min 43.2 36.4 30.0 9.11 0.97 0.58 
   NAAC,6 mg/dL × min 1592 1823 1659 276 0.52 0.66 
Insulin       
   Baseline concentration,4 µIU/mL 5.78 2.26 7.68 2.54 0.15 0.13 
   Mean concentration,5 µIU/mL 56.1 85.3 107.1 13.0 0.56 0.21 
   Peak concentration, µIU/mL 154 233 277 31.0 0.05 0.30 
   Peak time, min 6.82 5.00 6.67 1.13 0.22 0.28 
   PIAUC,7 µIU/mL × min 2475 3196 4528 609 0.36 0.11 
NEFA       
   Baseline concentration,4 mmol/L 1.29 1.35 1.14 0.13 0.73 0.23 
   Mean concentration,5 mmol/L 0.95 0.94 0.99 0.09 0.97 0.66 
   Nadir concentration, mmol/L 0.64 0.67 0.60 0.10 0.84 0.65 
   Nadir time, min 57.3 45.0 30.6 12.8 0.46 0.41 
   NAAC,6 mmol/L × min 44.7 46.8 36.7 9.10 0.86 0.41 
RQUICKI8       
   Base value4 0.21 0.24 0.19 0.02 0.28 0.12 
   Mean value5 0.16 0.16 0.15 0.01 0.83 0.34 
1 CE = controlled energy diet, fed at ad libitum intake and formulated to supply 100% of the NRC (2001) requirements for energy and 
all nutrients; HE = high energy diet, formulated to supply 160 to 180% of energy (NEL) requirements at ad libitum intake; and RE = 
restricted energy diet, fed to 80% of their calculated NEL requirements by controlled intake of the HE ration. 
2 Greatest SEM. 
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Table 3.3. (cont.) 
3 Preplanned contrasts CE versus HE and HE versus RE. 
4 Mean concentration of time -30, -15, and -5 minutes before infusion. 
5 Mean concentration of time +5, +10, +15, +30, +60, and +120 minutes after infusion. 
6 Negative area above the curve. 
7 Positive incremental area under the curve. 
8 RQUICKI = revised quantitative insulin sensitivity check index calculated as follows (Holtenius and Holtenius, 2007): 1 / 
[log(glucose, mg/dL) + log(insulin, μIU/mL) + log(NEFA, mmol/L)]. 
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Table 3.4. Least squares means and associated SEM for blood metabolites on glucose tolerance test (GTT) potspartum of cows fed 
controlled energy (CE), high energy (HE), or restricted energy (RE) diets 
 Treatment¹ 
SEM2 
P-value3 
GTT postpartum CE HE RE CE vs HE HE vs RE 
Glucose       
   Baseline concentration,4 mg/dL 53.6 52.4 54.8 2.90 0.74 0.54 
   Mean concentration,5 mg/dL 88.1 102.6 95.9 7.49 0.09 0.43 
   Peak concentration, mg/dL 128 145 143 11.7 0.24 0.97 
   Peak time, min 6.00 10.0 7.22 1.35 0.03 0.10 
   PIAUC,6 mg/dL × min 1973 3423 2553 514 0.04 0.22 
Insulin       
   Baseline concentration,4 µIU/mL 4.44 1.88 5.43 1.20 0.04 0.01 
   Mean concentration,5 µIU/mL 32.5 37.5 55.4 10.9 0.12 0.60 
   Peak concentration, µIU/mL 78.8 64.4 131 22.1 0.61 0.03 
   Peak time, min 11.0 8.57 13.5 2.47 0.46 0.14 
   PIAUC,6 µIU/mL × min 1559 1526 3069 485 0.96 0.03 
NEFA       
   Baseline concentration,4 mmol/L 1.09 1.47 1.02 0.14 0.04 0.02 
   Mean concentration,5 mmol/L 0.87 0.78 0.85 0.06 0.26 0.45 
   Nadir concentration, mmol/L 0.45 0.58 0.42 0.09 0.27 0.19 
   Nadir time, min 62.3 55.7 50.0 10.8 0.64 0.70 
   NAAC,7 mmol/L × min 46.5 74.4 48.6 9.52 0.03 0.05 
RQUICKI8       
   Baseline value4 0.20 0.21 0.19 0.01 0.50 0.16 
   Mean value5 0.17 0.16 0.15 0.01 0.14 0.46 
1CE = controlled energy diet, fed at ad libitum intake and formulated to supply 100% of the NRC (2001) requirements for energy and 
all nutrients; HE = high energy diet, formulated to supply 160 to 180% of energy (NEL) requirements at ad libitum intake; and RE = 
restricted energy diet, fed to 80% of their calculated NEL requirements by controlled intake of the HE ration. 
2 Greatest SEM. 
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Table 3.4. (cont.) 
3 Preplanned contrasts CE versus HE and HE versus RE. 
4 Mean concentration of time -30, -15, and -5 minutes before infusion. 
5 Mean concentration of time +5, +10, +15, +30, +60, and +120 minutes after infusion. 
6 Positive incremental area under the curve. 
7 Negative area above the curve. 
8 RQUICKI = revised quantitative insulin sensitivity check index calculated as follows (Holtenius and Holtenius, 2007): 1 / 
[log(glucose, mg/dL) + log(insulin, μIU/mL) + log(NEFA, mmol/L)].  
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CHAPTER 4 
DRY PERIOD PLANE OF ENERGY: EFFECTS ON FEED INTAKE, ENERGY 
BALANCE, MILK YIELD, AND MILK COMPOSITION OF HEALTHY COWS OR 
COWS THAT EXPERIENCED DISEASE 
 
INTRODUCTION 
Despite the significant progress in research during the last three decades in the fields of 
nutrition, reproduction, and health of dairy cows, incidence of metabolic disorders and infectious 
diseases is still prevalent in dairy farms in the United States (USDA, 2016). Most metabolic 
disorders occur during the periparturient or transition period, which is typically defined as the 3 
wk before and 3 wk after parturition (Grummer, 1995; Drackley, 1999). This period is 
characterized by an orchestrated series of changes in the endocrine and metabolic statuses that 
allow cows to adapt to the sudden transition from non-lactating to lactating stage (Bauman and 
Currie, 1980; Bell, 1995a; Bell and Bauman, 1997). Inability to adapt to the homeorhetic events 
that take place during the periparturient period results in a range of inter-related metabolic 
disorders and infectious diseases that lead to poor production, impaired reproduction, and 
ultimately result in high rates of culling, which negatively affect the profitability of the dairy 
enterprise (Kelton et al., 1998; Bareille et al., 2003; Roche et al., 2013a). 
Energy intake prepartum has been linked to increased incidence of metabolic disorders in 
early lactation (Rukkwamsuk et al., 1999a; Drackley et al., 2005). Cows that consume energy 
beyond their requirements during the dry period are prone to suffer turbulent transitions. Results 
from our research group (Dann et al., 2006; Douglas et al., 2006; Janovick et al., 2011) as well as 
others (Rukkwamsuk et al., 1998; Agenas et al., 2003; Mann et al., 2015a) suggested that feeding 
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high energy (HE) density diets for ad libitum intake during the dry period was associated with 
greater decreases in DMI immediately prepartum, followed by greater lipid mobilization and 
impaired health postpartum. On the other hand, controlled energy (CE) intake during the dry 
period, either by formulation of high fiber, low energy diets or by restricting intakes, has shown 
increased DMI and decreased concentrations of NEFA, BHB, and hepatic lipid postpartum 
(Murondoti et al., 2004; Janovick et al., 2011; Huang et al., 2014). However, a tendency for 
lower milk yield in early lactation (Janovick and Drackley, 2010) and lower peak yield but 
increased persistency (Kunz et al., 1985) have been reported, although not in all studies (Dann et 
al., 2006; Huang et al., 2014; Mann et al., 2015a). Regardless of the nutritional strategy, 
overconditioning during the dry period and especially during late gestation has been associated 
with decreased DMI and increased incidence of health events during the transition period. 
Excessive body fat mobilization increases the release of NEFA and proinflammatory cytokines 
that contribute to insulin resistance and related metabolic disorders (Ohtsuka et al., 2001; 
Contreras and Sordillo, 2011; Allen and Piantoni, 2013). Cows with excessive body condition 
(BCS ≥ 3.5 on a 1 to 5 scale) experience severe and rapid fat mobilization from adipose tissue, 
which increases predisposition to hepatic lipidosis and ketosis (Grummer, 1993), displacement of 
abomasum (Cameron et al., 1998; Ingvartsen, 2006), and poor reproductive performance (Roche, 
2006). 
In the present study, cows were fed either CE or HE diets during the entire dry period. A 
large number of cows were slightly overconditioned (BCS ca. 3.5) at dry-off. The objective of 
this study was to assess the effects of CE and HE diets fed to dry cows that were healthy 
postpartum or encountered disease after parturition, and to characterize their performance during 
the transition period as measured by energy intake, milk production and composition, and blood 
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metabolites near parturition. The classification of health status was based on an occurrence of 
any one or more of displacement of abomasum, retained placenta, metritis, or milk fever 
postpartum. 
 
MATERIALS AND METHODS 
Experimental Design and Dietary Treatments 
Experimental procedures were approved by the University of Illinois Institutional Animal 
Care and Use Committee (IACUC # 11193). Twenty-nine multiparous Holstein pregnant cows 
were selected during late lactation and randomly assigned to 1 of 2 dry period diets in a 
randomized complete block design. Cows were blocked regarding parity (3.2 ± 1.2), previous 
lactation 305-d mature-equivalent milk yield (12,683 ± 1,583 kg), BW (768 ± 85 kg), BCS (3.50 
± 0.33), and expected day of calving. Dietary treatments were applied at the time of drying off, 
as follows: 1) CE (NEL = 1.39 Mcal/kg; n = 17), a high fiber diet offered for ad libitum intake 
and formulated to supply 100% of the NRC (2001) requirements for NEL and all nutrients; and 
2) HE (NEL = 1.58 Mcal/kg ; n = 12), offered for ad libitum intake and formulated to supply at 
least 150% of the NEL requirements (NRC, 2001). Cows remained on dietary treatments from 
the time of dry-off through parturition (CE = 47 ± 6 d and HE = 45 ± 7 d). A common lactation 
ration (NEL = 1.64 Mcal/kg) was fed to all cows after calving, thus, residual effects of the dietary 
treatments applied during the dry period were evaluated during early lactation. For postpartum 
health status, there were 18 cows with no disease (n = 11 for CE and n = 7 for HE) and 11 cows 
with disease (n = 6 for CE and n = 5 for HE). The experiment was conducted between May and 
October, 2012. During this period, high, mean, and low temperatures were 27.3 ± 7.3, 20.4 ± 6.5, 
and 14.1 ± 6.1°C, respectively. High, mean, and low relative humidity were 89.8 ± 9.2, 64.8 ± 
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10.8, and 39.9 ± 15.0%, respectively (Illinois State Water Survey; http://www.isws.illinois.edu). 
Temperature humidity index was calculated using ambient temperature and relative humidity, as 
follows: THI = [1.8 × temperature (°C) + 32] − [0.55 − 0.0055 × relative humidity (%)] × [1.8 × 
temperature (°C) − 26.8] (Dikmen and Hansen, 2009). Thus, high, daily, and low temperature 
humidity index (THI) were 79.7 ± 12.3, 66.4 ± 9.4, and 57.5 ± 7.5, respectively.  
 
Animal Management 
Cows were dried-off 50 d before expected parturition. After drying off cows were housed 
in a ventilated enclosed barn with access to sand-bedded free stalls. When calving was imminent 
cows were moved to a maternity box stall, within the same pen, that was bedded deeply with 
wheat straw. During the dry period cows were fed individually once daily at ~ 0600 h using an 
individual gate system (American Calan Inc., Northwood, NH). After parturition cows were 
moved to a ventilated tie-stall barn where they were individually fed once daily at ~ 0700 h. On 
d 29 after parturition cows returned to the farm herd. Amounts of feed offered were adjusted 
daily to maintain 5 to 10% refusals. Water was available at all times. Body weight and BCS were 
measured once weekly, on the same day, after the morning milking and after feeding. Body 
condition score was assessed by the same two trained individuals for the entire study using a 1 = 
thin to 5 = obese scale (Ferguson et al., 1994) with quarter-point increments; the average score 
was used for statistical analysis. 
 
Sampling and Analysis of Feed and Milk 
Dry matter intake was measured daily. The TMR and its components were sampled 
weekly and dried for 24 h at 110°C in a forced air oven to determinate DM. Consequently, TMR 
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composition and amounts of dietary DM offered were adjusted weekly. A second set of samples 
of TMR and its components was obtained weekly, stored at −20 ºC, and then composited by 
month. Composited samples were sent to a commercial laboratory (Dairy One, Ithaca, NY) 
where they were analyzed for nutrient concentrations (Table 2.2) by wet chemistry methods 
(http://dairyone.com/wp-content/uploads/2014/02/Forage-Lab-Analytical-Procedures-Listing-
Alphabetical-July-2015.pdf). Particle size distribution of the TMR offered were measured once 
weekly using the Penn State Particle Separator as described by Kononoff et al. (2003). To assess 
potential sorting of the diets, particle size distribution of the TMR refused also was determined 
(Table 2.3) in the same manner as the TMR offered. Cows were milked three times daily (0415, 
1215, and 2015 h) and milk yields were electronically recorded. Milk was sampled twice weekly 
from consecutive morning, noon, and night milkings. Samples were composited in proportion to 
milk yield at each milking to make two composited aliquots. One aliquot containing preservative 
(Broad Spectrum Mirotabs II; D&F Control Systems, Inc., Norwood, MA) was analyzed for fat, 
protein, lactose, MUN, and SCC by mid-infrared procedures (AOAC, 1995) at a commercial 
laboratory (Dairy Lab Services, Dubuque, IA). The second aliquot without preservative was 
stored at −20 °C as a backup. Yields of 3.5% FCM and ECM were calculated using daily milk 
yield and milk component concentrations, as follows: FCM = [0.432 × milk yield (kg)] + [16.216 
× milk fat (kg)] and ECM = [12.97 × fat yield (kg) + [7.21 × protein yield (kg)] + [0.327 × milk 
yield (kg)] (Tyrrell and Reid, 1965). 
 
Statistical Analyses 
The experiment was conducted and analyzed as a randomized complete block design. 
Pre- and postpartum data were analyzed separately. Statistical analysis of collected data was 
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performed using SAS (v9.4 Institute Inc., Cary, NC). Linear mixed models using the MIXED 
procedure (Littell et al., 1998) were constructed to analyze variables measured over time. Daily 
measurements for DMI, NEL intake, EB, and milk yield were reduced to weekly means before 
statistical analysis. For variables measured over time the model contained the fixed effects of 
treatment, health condition (occurrence or absence of disease), time, and their interactions. 
Additionally, to evaluate the effect of THI on variables analyzed over time, the variable month 
and the interaction of treatment and month was specified in the model. For initial BW and BCS, 
absolute BW and BCS change, and calf birth BW the model contained the fixed effects of 
treatment, health condition, and their interaction. Cow was considered as a random effect. Time 
(day or week) was specified as repeated with cow as subject when analyzing variables measured 
over time. Initial measurements, before treatment administration, were used as covariates when 
analyzing the respective data. The covariance structures considered for repeated measures 
analysis were compound symmetry, autoregressive order 1, autoregressive heterogeneous order 
1, unstructured, and Toeplitz. The covariance structure that yielded the lowest Akaike 
information criterion corrected value was used in the models (Littell et al., 1998). Least squares 
means were calculated and are presented with the respective standard error. When the 
interactions of treatment and time or health condition and time were significant, differences 
between treatments or health condition at each time point were identified using the differences of 
least squares means. Tukey–Kramer adjustment was specified in the LSMEANS statement and 
Tukey–Kramer adjusted P-values were used for all comparisons. Degrees of freedom were 
estimated by using the Kenward-Roger method (Littell et al., 1998) in the model statement. 
Residual distribution for each variable was assessed for normality and homoscedasticity. 
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Statistical significance was declared at P ≤ 0.05 and trends toward significance effects were 
noted when 0.05 < P ≤ 0.10. 
 
RESULTS 
Ambient Temperature and THI 
Mean temperature, and high, mean, and low THI as well as the number of cows that 
remained enrolled by month throughout the experiment are presented in Figure 4.1. The study 
was conducted mainly during the summer. High temperature remained above 25°C from May to 
September, whereas mean temperature remained above 20°C from May to August. Similarly, 
high THI remained above 75 from May to September, whereas mean THI remained above 68 
from May to August. Higher mean temperature and mean THI occurred in months (June, July, 
and August) with greater percentage of cows (55, 72, and 69%, respectively) enrolled in the 
study. This suggest that cows experienced moderate to severe heat stress during much of the 
study. When assessing the effect of ambient temperature and THI, lower (P < 0.05) postpartum 
DMI and NEL intake were observed in July, the month with the highest ambient temperature and 
THI during the experiment, but no effects (P > 0.05) were observed in milk yield or milk 
components. The interaction of treatment and month was not significant for any of the variables 
analyzed prepartum or postpartum. 
 
Nutrient Composition of the Diets 
The ingredient and nutrient composition of the diets fed throughout the study were 
presented in Table 2.1 and Table 2.2, respectively. Briefly, the CE contained (DM basis) 80% 
forage made of 45% wheat straw, 41% corn silage, 11% alfalfa silage, and alfalfa hay 2%. The 
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HE diet contained 79% forage made of 69% corn silage, 17% alfalfa silage, 8% alfalfa hay, and 
6% cottonseed. The lactation diet consisted of 57% forage made of 59% corn silage, 16% alfalfa 
silage, 14% cottonseed, 6% alfalfa hay, and 5% wheat straw. 
The CE and HE diets were formulated to have similar (P > 0.10) contents of CP; 
however, the HE diet more closely resembled the lactation diet in contents of ADF, NDF, NFC, 
starch, crude fat, TDN, and NEL. Lignin content did not differ (P = 0.47) among diets fed 
throughout the dry and lactation periods. In vitro true digestibility at 30 h (IVTD 30h) and NDF 
digestibility at 30 h (NDFD 30h) were similar (P > 0.05) for the HE and lactation diets. 
Digestibility values from HE and lactation diets were greater than the obtained for the CE diet. 
Diets fed during the dry period were formulated to have similar vitamins and minerals content, 
with no anionic salts included but at a near zero DCAD. 
 
Prepartum DMI, BW, and BCS 
 During the dry period DMI, expressed in kg per d or percentage of BW, did not differ (P 
> 0.10) between cows fed CE or HE (Table 4.1). However, NEL intake was greater (P = 0.04) for 
cows fed HE than CE as anticipated. Consequently, EB expressed as Mcal/d or percentage of 
requirements was greater (P = 0.05) in HE than in CE. Significant interaction of dry period 
dietary treatment and time (P = 0.03) was observed for EB expressed as Mcal/d (Figure 4.2A). 
Cows fed HE had the highest EB during the first 4 wk following driy-off (6.4 ± 1.67 Mcal/d), but 
then abruptly decreased (P < 0.05) 2 wk prior to parturition (1.2 ± 1.71 Mcal/d). For CE fed 
cows, EB remained near zero (0.98 ± 1.44 Mcal/d) throughout the dry period with no significant 
change or decrease (P > 0.85) close to parturition. Similar trends were observed in EB when 
expressed as percentage of requirements (Figure 4.2B). Cows fed HE reached 142 ± 11% of their 
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NEL requirement during the 4 wk following dry-off, and then decreased to 108 ± 11% during the 
2 wk before parturition. Cows fed CE achieved 106 ± 9% of their NEL requirement through the 
dry period with no significant decrease (P > 0.86) close to parturition. Intakes of DM and NEL, 
as well as EB throughout the dry period were not different (P > 0.05) between healthy cows and 
those that suffered disease. However, a tendency (P = 0.09) towards significant 3-way interaction 
of dry period dietary treatment, health condition postpartum, and time was observed for EB 
during the dry period. Cows fed HE during the dry period and experiencing disease postpartum 
had a greater decrease in EB during the 2 wk prior to parturition compared to those fed HE that 
experienced non-disease; however, for cows fed CE during the dry period no differences were 
observed between those that experienced disease and those that did not postpartum (Figure 
4.2C). 
At dry-off, BW did not differ (P = 0.38) among cows assigned to CE or HE (Table 4.1). 
However, cows that experienced disease postpartum had greater (P = 0.01) initial BW. A 
significant interaction of dry period dietary treatment and health condition postpartum (P = 0.04) 
was observed for initial BW (Table 4.1). Cows fed HE during the dry period that experienced 
disease postpartum had greater initial BW than those fed HE (P = 0.01) or CE (P = 0.04) that 
remained healthy; however, no differences (P = 0.92) were observed between healthy cows fed 
CE or HE during the dry period and those fed CE that experienced disease (Figure 4.3). Body 
weight and BW change (weekly or absolute) during the dry period did not differ between CE and 
HE fed cows. However, cows that experienced disease postpartum had lower (P < 0.01) absolute 
BW change during the dry period when compared to cows that remained healthy. In fact, during 
the dry period when comparing initial BW with mean BW, cows that experienced disease 
postpartum lost BW compared to healthy cows. Despite this finding, calf birth BW was not 
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different (P = 0.91) between cows fed CE or HE, and not different (P = 0.79) between healthy or 
diseased cows, with no interaction (Table 4.1). 
 The BCS at dry-off, throughout the dry period, and changes (weekly and absolute) during 
the dry period did not differ (P > 0.05) between cows fed CE or HE, or between healthy cows 
and those that experienced disease postpartum (Table 4.1). Although the interaction of dry period 
dietary treatment and health condition postpartum was significant (P = 0.05) for initial BCS, no 
differences were observed in BCS among dry period dietary treatment or postpartum health 
condition during the dry period. 
 
Postpartum DMI, BW, and BCS 
Postpartum DMI expressed as kg per d tended (P = 0.10) to be greater for cows fed CE 
than those fed HE (Table 4.1). Trends approaching significance showed greater DMI expressed 
as percentage of BW (P = 0.15) and greater NEL intake (P = 0.12) in CE than in those fed HE. 
Health condition postpartum had significant effects on DMI, NEL intake, and EB. Compared to 
cows that experienced disease postpartum, healthy cows had greater (P < 0.01) DMI, NEL intake, 
and EB postpartum (Table 4.1). Tendencies toward significant interaction of dry period dietary 
treatment and health condition postpartum were observed for DMI expressed as kg/d (P = 0.08) 
or percentage of BW (P = 0.09), and NEL intake (P = 0.07) (Table 4.1). Among healthy cows 
postpartum, intakes of DM (expressed as kg per d or percentage of BW) and NEL were similar (P 
> 0.05) regardless of dry period dietary treatment; however, among cows that experienced 
disease postpartum, those fed CE diet during the dry period had greater intakes of DM 
(expressed as kg/d or percentage of BW) and NEL than those fed the HE diet (Figure 4.4; panels 
A, B, and C). 
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 Postpartum BW was not affected by diets fed during the dry period (Table 4.1). A 
significant interaction of dry period dietary treatment and time (P = 0.05) for postpartum BW 
change on a weekly basis revealed no differences between cows fed CE or HE. However, when 
absolute BW change was analyzed at wk 4 postpartum, a tendency (P = 0.08) towards greater 
BW lost was observed in cows fed HE compared to CE (Table 4.1). A trend (P = 0.09) towards 
significant effect of health condition postpartum on BW change on a weekly basis showed that 
cows that experienced disease tended to have greater BW loss postpartum compared to those that 
remained healthy (Table 4.1). 
 Cows fed CE during the dry period had lower (P = 0.05) BCS postpartum compared to 
those fed HE (Table 4.1). A significant interaction of dry period dietary treatment and time (P < 
0.05) showed that cows fed CE started wk 1 of lactation with lower BCS than HE, but no 
differences occurred at wk 2, 3, and 4 (Figure 4.5A). Consequently, cows fed HE during the dry 
period had greater (P = 0.02) absolute BCS change postpartum, that is, greater total BCS loss 
over the 4 wk postpartum compared to those fed CE (Table 4.1). Health condition postpartum 
affected BCS and BCS change postpartum. Compared to healthy cows postpartum, those that 
experienced disease had lower BCS (P = 0.01) and greater BCS loss either on a weekly basis (P 
= 0.05) or over the 4 wk postpartum period (P = 0.10). A trend (P = 0.09) towards significant 
interaction of dry period dietary treatment and health condition postpartum showed that BCS did 
not differ (P = 0.99) in healthy cows between CE or HE; whereas, among cows that experienced 
disease, cows fed HE had greater BCS than those fed CE (Figure 4.5B). 
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Milk Yield and Milk Composition 
 Analysis of production data revealed no differences (P > 0.05) in yields of milk, 3.5% 
FCM, or ECM between cows fed CE or HE during the dry period (Table 4.2). Health condition 
postpartum negatively affected yields of milk (P < 0.01), 3.5% FCM (P = 0.06), and ECM (P = 
0.05). Milk yield, ECM, and 3.5% FCM increased (P < 0.05) as DIM progressed. A trend (P = 
0.10) towards significant interaction of dry period dietary treatment and health condition 
postpartum was observed for milk yield (Table 4.2). Among healthy cows postpartum, there was 
no difference in milk yield between cows fed CE or HE during the dry period; however, among 
cows that experienced disease those fed CE tended (P = 0.06) to have greater milk yield than 
those fed HE, 31.8 and 23.2 kg/d, respectively (Figure 4.6). Trends (P = 0.10) toward significant 
interaction of health condition postpartum and time were observed for 3.5% FCM and ECM. 
Difference in yields of 3.5% FCM (Figure 4.7A) and ECM (Figure 4.7B) were not observed 
during wk 1 between healthy cows and those that experienced disease postpartum; however, 
healthy cows had greater yields of 3.5% FCM and ECM in wk 2, 3, and 4 compared to those that 
experienced disease. 
Milk components were not different (P > 0.05) between cows fed CE or HE during the 
dry period (Table 4.2). Concentrations of milk fat, protein, and lactose as well as lactose yield, 
urea N, and somatic cell count changed (P < 0.05) over time. Interactions of treatment and time 
were not present for milk components. Health condition postpartum affected (P < 0.05) 
concentrations and yields of protein and lactose, and tended (P = 0.10) to affect fat yield. 
Compared to healthy cows postpartum, those that experienced disease had lower concentrations 
and yields of protein and lactose, and tended to have lower fat yield. A trend (P = 0.08) towards 
significant interaction of health condition postpartum and time was observed for lactose yield 
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(Table 4.2). Difference in lactose yield was not observed in wk 1 between healthy cows and 
those that experienced disease postpartum; however, healthy cows had greater lactose yield in 
wk 2, 3, and 4 compared to those that experienced disease (Figure 4.7C). 
 
DISCUSSION 
 The results of this study indicated that although cows did not get notably overweight or 
overconditioned, feeding a HE diet at ad libitum intake, as opposed to a CE diet, throughout the 
dry period predisposed cows to consume energy beyond their requirements. Recently, Mann et 
al. (2015a) fed a controlled energy or high energy diet during the entire dry period or a controlled 
energy diet during the far-off period followed by a 50:50 blend of both controlled and high 
energy diets during the close-up period. Dry matter intake and EB followed experimental 
treatments, as cows fed controlled, intermediate, and high energy reached 112, 126, and 153% of 
their NEL requirement, respectively (Mann et al., 2015a). In a previous study, Janovick and 
Drackley (2010) fed a controlled energy (NEL = 1.21 Mcal/kg) diet at ad libitum intake and a 
high energy diet (NEL = 1.63 Mcal/kg) at either ad libitum or restricted intake and found that 
overfed multiparous cows consumed 167%, whereas controlled energy and restricted cows 
consumed 112 and 80% of their NEL requirement, respectively. Comparing ad libitum (160% of 
NEL requirement) to restricted (80% of NEL requirement) feeding of moderate grain or fat-
supplemented diets during the dry period, Douglas et al. (2006) found that cows fed ad libitum or 
restricted intake consumed on average 159 and 81% of the NEL requirement, respectively. 
Similarly, Dann et al. (2005) fed from dry-off to 21 d prior to parturition a far-off (NEL = 1.60 
Mcal/kg) followed by a close-up diet (NEL = 1.47 Mcal/d), both either at ad libitum or restricted 
(80% of NEL requirement) intake. Compared to cows fed restricted intake during the dry period, 
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those fed ad libitum had greater DMI and consumed on average 142% of their NEL requirement 
(Dann et al., 2005). The results from the present study confirmed previous findings from our 
group as well as other research groups that offering moderate to high energy diets at ad libitum 
intake results in cows consuming energy far in excess of requirements. In addition, feeding high 
fiber, low-energy diets during the dry period allows cows to consume DM at ad libitum intake 
without greatly exceeding energy requirements. In contrast to other studies (Dann et al., 2006; 
Janovick and Drackley, 2010; Mann et al., 2015a), DMI throughout the dry period did not differ 
between cows fed CE or HE, which may have been the result of heat stress during most of the 
study. 
Cows fed the HE diet at ad libitum intake throughout the dry period experienced a more 
pronounced decrease in EB than those fed CE. The average NEL intake during 4 wk following 
dry-off compared to that of wk 1 prior to parturition indicated that cows fed HE experienced a 
30% decrease compared to a 5% decreases for CE. Similarly, Dann et al. (2005) reported 31% 
and 7% decreases in DMI during the last 7 d of gestation in cows fed at ad libitum and restricted 
intake, respectively. However, Douglas et al. (2006) reported 47% decrease in DMI from −21 d 
to parturition in ad libitum fed cows versus no change for restricted fed cows. Other studies 
(Winkelman et al., 2008; Colazo et al., 2009; Hayirli et al., 2011) as well have reported 
significant decrease in DMI as parturition approached in ad libitum fed compared to restricted 
fed cows. Remarkably, in our study DMI for CE remained constant throughout the dry period 
with no significant change close to parturition, which is consistent with findings of Janovick and 
Drackley (2010) and Mann et al. (2015a). 
Compared to CE fed cows, those fed HE tended to have lower postpartum intakes of DM 
(expressed as kg per d or percentage of BW) and NEL. Additionally, cows fed HE had greater 
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BCS postpartum but lost greater BW and BCS by wk 4 in lactation. Holcomb et al. (2001) 
evaluated the effects of prepartum DMI and forage percentage on postpartum performance of 
lactating dairy cows by feeding high or low forage diets, each being offered for ad libitum intake 
or restricted intake from 28 d prior to parturition, followed by a common lactation diet from 
parturition to 28 DIM. As expected, cows fed at free choice had greater DMI prepartum than 
those fed restricted amounts, but the opposite occurred after parturition as those cows fed 
restricted amounts prepartum had higher DMI postpartum. Agenas et al. (2003) fed low, 
medium, and high energy diets to dry cows from −8 wk to parturition followed by a common 
lactation diet for 15 wk after parturition. Prepartum DMI followed experimental treatments; 
however, cows fed low and medium energy amounts had greater DMI on wk 1 postpartum and 
reached positive EB faster than cows fed the high-energy amount (Agenas et al., 2003). 
Additionally, cows fed high energy prepartum had lower BCS and greater BW lost postpartum 
(Agenas et al., 2003). Similarly, Janovick and Drackley (2010) found that cows fed a high 
energy diet at ad libitum intake during the dry period had greater BW and BCS lost postpartum 
along with lower DMI at wk 3 postpartum than cows fed a controlled energy diet at ad libitum 
intake or the high energy diet at restricted intake. Huang et al. (2014) fed either a high, medium, 
or low energy density diets during the close-up period followed by a common lactation diet after 
calving, and reported that cows fed high and medium energy diets had lower DMI and NEL 
intake at wk 5 along with greater BW and BCS lost postpartum than cows fed the low energy 
diet. Other studies (Murondoti et al., 2004; Douglas et al., 2006; Hayirli et al., 2011) that have 
compared restricted with ad libitum feeding of moderate to high energy diets during the dry 
period reported decreased DMI along with increased BW and BCS lost postpartum in ad libitum 
fed cows. However, some other studies have reported no differences in postpartum DMI or BW, 
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BCS, or changes in these when feeding high energy diets (Dann et al., 1999; Rabelo et al., 2003) 
along with low or high crude protein content (VandeHaar et al., 1999; Doepel et al., 2002). 
Despite significant differences in NEL intake and EB between cows fed CE or HE 
throughout the dry period, no differences were observed in yields of milk, 3.5% FCM, ECM, or 
milk components during the first 28 DIM. Numerous studies that evaluated prepartum diets 
varying in energy density (Agenas et al., 2003; Rabelo et al., 2003; Dann et al., 2006; Guo et al., 
2007; Mann et al., 2015a) along with low or high crude protein contents (Doepel et al., 2002) 
and those that assessed ad libitum versus restricted feeding (Rukkwamsuk et al., 1998; 
Murondoti et al., 2004; Winkelman et al., 2008; Colazo et al., 2009; Hayirli et al., 2011) during 
the dry period have found no differences in milk production and milk components. Lack of 
differences in milk yield were reported by Bertics et al. (1992) and Grum et al. (1996), but 
greater FCM and milk fat content in cows force-fed or fed high grain diets prepartum, 
respectively. Similar results were observed by Douglas et al. (2006) who suggested that greater 
fat content may have resulted from lower DMI and greater losses of BCS postpartum for cows at 
ad libitum while dry. Janovick and Drackley (2010) reported similar milk yield but greater milk 
fat yield and milk fat concentration that leaded to greater 3.5% FCM during the first 3 wk 
postpartum in cows fed moderate-energy diet at ad libitum intake during the dry period. 
However, over 8 wk during lactation cows on this HE group tended to produced more milk than 
cows fed a controlled energy or a restricted diet (Janovick and Drackley, 2010). Lower peak 
yield but greater persistency were observed by Kunz et al. (1985) in cows fed to meet 
requirements compared to those fed ad libitum during the dry period. Based on these findings it 
was suggested to look at total lactation milk yield as well as reproduction parameters and other 
non-milk indicators of economic value rather than early peak yields (Drackley, 2011). On the 
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other hand, Huang et al. (2014) reported that feeding a high energy diet prepartum resulted in 
lower lactose content and greater 4% FCM due to greater milk fat content during the first 3 wk of 
lactation; whereas, low and medium energy diets increased milk yield during the first 10 wk of 
lactation. Dann et al. (2006) observed numerical difference in milk yield (2.5 kg/d higher) during 
the first 8 wk of lactation for cows fed during the far-off dry period a controlled energy diet to 
meet 100% of the NEL requirement compared with those fed a higher energy density diet at 
either ad libitum intake to provide at least 150% or restricted intake to provide 80% of the NEL 
requirement. Similarly, Douglas et al. (2006) reported 2 kg/d higher milk production during the 
first 105 DIM for cows fed restricted amounts compared with those fed ad libitum during the dry 
period. Holcomb et al. (2001) also reported lack of statistical significance in milk yield but 
observed numerical advantage during 20 to 50 DMI for cows fed restricted compared to free 
choice prepartum. 
In our study, cows that exhibited greater BW at dry-off were more likely to experience 
disease and performed poorly postpartum. Compared to cows that experienced non-disease 
postpartum, those that experienced disease had lower DMI, NEL intake, and EB postpartum. 
These cows also experienced greater loss of BW and BCS, and, consequently, lower BCS 
postpartum. However, among cows that experienced disease postpartum, those fed CE during the 
dry period had greater postpartum intakes of DM and NEL than those fed HE. Cows that 
experienced disease had 9.3, 8.1, and 8.5 kg/d lower yields of milk, 3.5% FCM, and ECM, 
respectively, as well as lower concentrations and yields of protein and lactose. Bareille et al. 
(2003) estimated that on the day of diagnosis, mastitis, ketosis, and milk fever were associated 
with 4.1 to 25.7 kg/d reduction in milk production and 6.7 to 14.7 kg/d reduction in DMI. This is 
consisted with Drackley (1999) who stated that incidence of health disorders during the 
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transition period results in lost milk production during the time of illness and often for the entire 
lactation. Additional to production losses, economic losses treating health disorders negatively 
affect the profitability of the dairy enterprise and increase the risk for culling of cows. For 
instance, economic losses per cow per case were estimated to be $334 for milk fever, $285 for 
retained placentas, $280 for metritis, $340 for left displacement abomasum, and $145 for ketosis 
(Kelton et al., 1998). Schulz et al. (2014) demonstrated that feeding a high energy diet 6 wk 
before expected parturition to cows with average BCS (3.19 ± 0.09) resulted in greater 
concentrations of NEFA and BHB 2 wk postpartum, which led to greater incidence of subclinical 
ketosis and hepatic total lipid concentration on d 7 and 21 postpartum compared to cows with 
lower BCS (2.61 ± 0.09). Similarly, Shaver (1997) reported that cows with excess BCS at 
parturition were at greater risk of suffering displacement of abomasum and ketosis, which may 
be related to greater prepartum intake depression and slower increases in postpartum intake for 
cows that are overconditioned at parturition. It is well accepted that feeding moderate to high 
energy density diets at ad libitum during the dry period intake leads to overconditioning as well 
as to cows experiencing greater DMI and EB depression prior to parturition (Rukkwamsuk et al., 
1999a; Janovick and Drackley, 2010). In addition, overfeeding leads to greater concentrations of 
NEFA, in turn leading to greater accumulation of lipids in the liver and increased BHB, which 
may increase the odds of higher incidence of metabolic disorders postpartum (Rukkwamsuk et 
al., 1998; Janovick et al., 2011). Regardless of nutritional approach, cows with excessive BW at 
dry-off are exposed to greater BW and BCS losses and consequently greater fat mobilization 
postpartum. Excessive body fat mobilization increases the release of NEFA and proinflammatory 
cytokines that contribute to insulin resistance and other metabolic diseases postpartum (Ohtsuka 
et al., 2001; Contreras and Sordillo, 2011; Sordillo and Raphael, 2013; Contreras et al., 2016). 
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It is important to highlight that most of the study was conducted during the summer. 
Throughout the experiment high THI ranged from 92.5 ± 4.9 to 61.6 ± 9.7 and mean THI ranged 
from 76.6 ± 3.4 to 52.4 ± 7.4. Similarly, high ambient temperature ranged from 34.9 ± 2.8 to 
16.4 ± 5.5°C and mean ambient temperature ranged from 27.6 ± 2.4 to 10.7 ± 4.8 °C. A THI 
value ≥ 72 has been generally accepted as the upper threshold of the comfort zone for dairy 
cows. However, Zimbelman et al. (2009) observed adverse effects at lower THI values and 
proposed 68 as the new upper threshold for modern high producing dairy cows. In addition to 
THI, the thermoneutral zone of dairy cattle is about 5 to 20°C and it is accepted that temperatures 
below or above this range alter behavioral and metabolic responses (NRC, 2001). This suggests 
that cows experienced heat stress during most of the study and it may explain the lack of 
differences in DMI between CE and HE during the dry period as well as the lower DMI, NEL 
intake, and milk yield when compared to other studies that have evaluated different feeding 
strategies during the dry period (Janovick and Drackley, 2010; Mann et al., 2015a). Heat stress 
led to a decrease in DMI and an increase in NEM (NRC, 1981; Holter et al., 1997; NRC, 2001) as 
well as altered immune function (do Amaral et al., 2011; Tao and Dahl, 2013). Negative effects 
of heat stress may have worsened or predisposed cows to suffer turbulent transition, especially 
those with greater BW at dry-off. 
 
CONCLUSION 
 The current study reaffirmed previous findings from our research groups that feeding 
moderate to high energy diets at ad libitum intake allowed cows to consume energy well in 
excess of their NEL requirement. On the other hand, cows fed CE diet throughout the dry period 
consumed DM at ad libitum intake without greatly exceeding their NEL requirement. Moreover, 
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cows fed CE diet did not experience marked depression of NEL intake and EB close to 
parturition as did cows fed HE diet. Dietary treatments fed during the dry period affected intakes 
of DM and NEL as well as BCS and changes in BW and BCS postpartum. Cows fed CE while 
dry tended to have greater postpartum DMI and NEL intake, and significantly lower BCS but 
lesser changes in BCS and BW at 28 DIM. Milk production and composition were not affected 
by dry period dietary treatments. 
 Our findings also indicated that cows with greater BW at dry-off were more likely to 
experience disease and had poor performance postpartum. As expected, cows that experienced 
disease had lower DMI, NEL intake, and EB postpartum. These cows experienced greater loss of 
BW and BCS, and consequently, lower BCS postpartum. Cows that experienced disease 
postpartum had significantly lower yields of milk, 3.5% FCM, and ECM, as well as lower 
concentrations and yields of protein and lactose. However, among cows that experienced disease 
postpartum, those fed CE during the dry period had greater postpartum intakes of DM and NEL 
than those fed HE. The potential of CE diets to not only limit occurrence of postpartum disease 
but to modulate its negative effects on productivity deserves further investigation. 
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TABLES AND FIGURES 
 
Table 4.1. Least squares means and associated SEM for BW, BCS, DMI, and energy balance of cows fed controlled energy (CE) or 
high energy (HE) diet during the dry period and cows that experienced disease (displacement of abomasum, retained placenta, 
metritis, or milk fever) or not postpartum 
 Treatment1 
SEM2 
Condition3 
SEM2 
P4 
 CE HE Healthy Diseased Trt HC Trt × HC Time 
Prepartum           
   Initial BW,5 kg 765 790 21.5 735 820 22.2 0.38 0.01 0.04 ― 
   BW, kg 789 794 7.35 796 787 8.22 0.65 0.42 0.93 0.06 
   BW weekly change,6 kg 11.7 18.6 6.30 9.4 20.9 7.31 0.74 0.41 0.58 0.03 
   BW absolute change,7 kg 20.3 31.3 7.01 47.8 3.76 7.57 0.26 <0.01 0.73 ― 
   Initial BCS5 3.46 3.52 0.10 3.49 3.49 0.10 0.64 0.99 0.05 ― 
   BCS 3.44 3.54 0.07 3.53 3.45 0.07 0.27 0.37 0.59 0.24 
   BCS weekly change6 0.05 0.04 0.04 0.02 0.07 0.05 0.89 0.42 0.77 0.08 
   BCS absolute change7 -0.18 -0.01 0.10 -0.04 -0.15 0.10 0.20 0.40 0.64 ― 
   DMI, kg/d 11.8 12.7 0.91 12.5 12.0 0.94 0.49 0.65 0.39 0.02 
   DMI, % BW 1.50 1.58 0.12 1.64 1.45 0.13 0.63 0.25 0.15 0.02 
   NEL intake, Mcal/d 16.5 20.2 1.32 18.8 17.8 1.37 0.04 0.58 0.32 <0.01 
   Energy balance,8 Mcal/d 0.98 4.67 1.39 3.61 2.04 1.44 0.05 0.40 0.24 <0.01 
   Energy balance,8,9 % 106 130 8.97 124 113 9.28 0.05 0.33 0.19 <0.01 
   Calf birth BW, kg 44.0 43.7 1.61 44.1 43.5 1.82 0.91 0.79 0.69 ― 
Postpartum           
   BW, kg 656 678 16.6 657 677 17.2 0.32 0.38 0.12 <0.01 
   BW weekly change,6,8 kg -40.3 -42.3 2.86 -38.0 -44.6 3.01 0.59 0.09 0.68 <0.01 
   BW absolute change,7 kg -60.7 -83.6 9.48 -67.4 -76.9 9.81 0.08 0.46 0.52 ― 
   BCS8 2.71 2.94 0.08 2.99 2.66 0.09 0.05 0.01 0.09 <0.01 
   BCS weekly change6 -0.16 -0.20 0.03 -0.14 -0.22 0.03 0.25 0.05 0.90 <0.01 
   BCS absolute change7 -0.21 -0.53 0.10 -0.26 -0.48 0.10 0.02 0.10 0.67 ― 
   DMI, kg/d 14.4 12.1 1.03 15.6 10.9 1.07 0.10 <0.01 0.08 <0.01 
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Table 4.1. (cont.) 
 Treatment1 
SEM2 
Condition3 
SEM2 
P4 
 CE HE Healthy Diseased Trt HC Trt × HC Time 
   DMI, % BW 2.22 1.86 0.18 2.42 1.67 0.19 0.15 <0.01 0.09 <0.01 
   NEL intake, Mcal/d 23.0 19.2 1.81 25.1 17.1 1.87 0.12 <0.01 0.07 <0.01 
   Energy balance, Mcal/d -15.6 -16.2 1.29 -15.7 -16.0 1.32 0.71 0.84 0.77 0.11 
   Energy balance, % 57.5 54.5 4.00 61.6 50.4 4.11 0.57 0.04 0.44 0.05 
1 Dry period dietary treatment: CE = controlled energy diet, fed at ad libitum intake and formulated to supply 100% of the NRC 
(2001) requirements for energy (NEL) and all nutrients; and HE = high energy diet, formulated to supply 150% of NEL requirements 
at ad libitum intake. 
2 Greatest SEM.  
3 Health condition postpartum: healthy = cows free of displacement of abomasum, retained placenta, metritis, or milk fever; and 
diseased = cows that suffered one or more of the following: displacement of abomasum, retained placenta, metritis, or milk fever.  
4 Dry period dietary treatment (Trt) = controlled energy diet (CE) and high energy diet (HE); Health condition postpartum (HC) = 
healthy or diseased; Trt × HC = interaction of dry period dietary treatment and health condition postpartum; Time = wk. 
5 Initial measurements taken before treatment administration. 
6 Weekly change: for BW and BCS changes were calculated subtracting the value of the current wk minus the value of previous wk. 
7 Absolute change: for BW and BCS prepartum changes were calculated subtracting the last value before parturition minus the value 
at dry-off. For BW and BCS postpartum changes were calculated subtracting the value at wk 4 minus the value at wk 1 of lactation. 
8 Significant interaction of treatment and time (P < 0.05).    
9 Expressed as percentage of NEL requirements. 
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Table 4.2. Least squares means and associated SEM for milk yield and milk components of cows fed controlled energy (CE) or 
high energy (HE) diet during the dry period and cows that experienced disease (displacement of abomasum, retained placenta, 
metritis, or milk fever) or not postpartum 
 Treatment1 
SEM2 
Condition3 
SEM2 
P4 
 CE HE Healthy Diseased Trt HC Trt × HC Time 
Milk yield, kg/d           
   Milk yield, kg/d 34.0 30.2 2.18 36.8 27.5 2.26 0.20 <0.01 0.10 <0.01 
   3.5% FCM,5 kg/d 42.4 39.5 3.22 45.0 36.9 3.31 0.48 0.06 0.28 0.03 
   ECM,5 kg/d 41.1 38.0 3.15 43.8 35.3 3.24 0.46 0.05 0.30 0.04 
Milk composition           
   Fat, % 5.16 5.26 0.23 5.11 5.31 0.24 0.66 0.71 0.57 0.02 
   Fat, kg/d 1.72 1.60 0.14 1.82 1.50 0.15 0.53 0.10 0.28 0.19 
   Protein, % 3.04 2.96 0.08 3.18 2.83 0.08 0.42 <0.01 0.84 <0.01 
   Protein, kg/d 1.02 0.92 0.08 1.11 0.82 0.08 0.30 0.01 0.34 0.16 
   Lactose, % 4.59 4.50 0.06 4.65 4.44 0.07 0.25 0.02 0.48 <0.01 
   Lactose,5 kg/d 1.56 1.43 0.13 1.69 1.31 0.13 0.43 0.03 0.34 <0.01 
   Urea N, mg/dL 10.9 11.0 0.52 10.7 11.3 0.53 0.86 0.35 0.04 0.01 
   SCC,6 transformed 0.11 0.13 0.01 0.12 0.12 0.01 0.19 0.83 0.97 <0.01 
   FE using 3.5% FCM, kg/kg 3.43 4.59 0.95 3.11 4.91 0.98 0.15 0.14 0.19 0.20 
   FE using ECM, kg/kg 3.31 4.31 0.87 3.00 4.62 0.89 0.16 0.16 0.17 0.09 
1 Dry period dietary treatment: CE = controlled energy diet, fed at ad libitum intake and formulated to supply 100% of the NRC 
(2001) requirements for energy (NEL) and all nutrients; and HE = high energy diet, formulated to supply 150% of NEL requirements 
at ad libitum intake. 
2 Greatest SEM.  
3 Health condition postpartum: healthy = cows free of displacement of abomasum, retained placenta, metritis, or milk fever; and 
diseased = cows that suffered one or more of the following: displacement of abomasum, retained placenta, metritis, or milk fever.  
4 Dry period dietary treatment (Trt) = controlled energy diet (CE) and high energy diet (HE); Health condition postpartum (HC) = 
healthy or diseased; Trt × HC = interaction of dry period dietary treatment and health condition postpartum; Time = wk. 
5 Trend towards significant interaction of postpartum health condition and time (3.5% FCM: P = 0.13; ECM: P = 0.10; lactose 
yield: P = 0.08). 
6 Somatic cell count transformed using 1/square root of SSC. 
134 
 
Time, mo
May Jun Jul Aug Sep Oct
M
ea
n
 t
em
p
er
at
u
re
, 
°C
0
5
10
15
20
25
30
T
em
p
er
at
u
re
 h
u
m
id
it
y
 i
n
d
e
x
 (
T
H
I)
40
45
50
55
60
65
70
75
80
85
90
95
Mean temperature
Low THI
Mean THI
High THI
 
 
  May Jun Jul Aug Sep Oct 
Treatment             
   CE 5 7 12 12 10 8 
   HE 6 9 9 8 3 2 
Total  11 16 21 20 13 10 
Percentage  38 55 72 69 45 34 
 
Figure 4.1. Mean daily ambient temperature along with high, mean, and low THI (Illinois State 
Water Survey; http://www.isws.illinois.edu) as well as number of cows (by treatment, total, and 
percentage) that remained enrolled by month throughout the experiment. 
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Figure 4.2. Least squares means and associated SEM for prepartum energy balance (EB) of cows 
fed controlled energy (CE; high-fiber, low-energy diet formulated to supply 100% of NEL 
requirements for dry cows in late gestation) or a higher energy (HE; formulated to supply 150% 
of NEL requirements and fed ad libitum intake) diet during the dry period (panel A and B) and  
that were healthy or experienced disease postpartum (panel C). Panel A and C; prepartum EB 
expressed as Mcal/d: dry period dietary treatment, P = 0.05; health condition postpartum, P = 0.40; 
dry period dietary treatment × health condition postpartum, P = 0.24; time, P < 0.01; dry period 
dietary treatment × time, P = 0.03; health condition postpartum × time, P = 0.41; dry period dietary 
treatment × health condition postpartum × time, P = 0.09. Panel B; prepartum EB expressed as 
percentage of requirement: dry period dietary treatment, P = 0.05; health condition postpartum, P  
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Figure 4.2. (cont.) 
= 0.33; dry period dietary treatment × health condition postpartum, P = 0.19; time, P < 0.01; dry 
period dietary treatment × time, P = 0.03; health condition postpartum × time, P = 0.44; dry period 
dietary treatment × health condition postpartum × time, P = 0.13. 
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Figure 4.3. Least squares means and associated SEM for BW at dry-off for cows fed controlled 
energy (CE; high-fiber, low-energy diet formulated to supply 100% of NEL requirements for dry 
cows in late gestation) or a higher energy (HE; formulated to supply 150% of NEL requirements 
and fed ad libitum intake) diet during the dry period and that were healthy or experienced disease 
postpartum. Dry period dietary treatment, P = 0.38;  health condition postpartum, P = 0.01; dry 
period dietary treatment × health condition postpartum, P = 0.04. 
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Figure 4.4. Least squares means and associated SEM for postpartum DMI and NEL intake of cows 
fed controlled energy (CE; high-fiber, low-energy diet formulated to supply 100% of NEL 
requirements for dry cows in late gestation) or a higher energy (HE; formulated to supply 150% 
of NEL requirements and fed ad libitum intake) diet during the dry period and that were healthy or 
experienced disease postpartum. Panel A; postpartum DMI expressed as kg/d: dry period dietary 
treatment, P = 0.10; health condition postpartum, P < 0.01; dry period dietary treatment × health 
condition postpartum, P = 0.08; time, P < 0.01; dry period dietary treatment × time, P = 0.96; 
health condition postpartum × time, P = 0.88; dry period dietary treatment × health condition 
postpartum × time, P = 0.49. Panel B; postpartum DMI expressed as percentage of BW: dry period 
dietary treatment, P = 0.15; health condition postpartum, P < 0.01; dry period dietary treatment ×  
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Figure 4.4. (cont.) 
health condition postpartum, P = 0.09; time, P < 0.01; dry period dietary treatment × time, P = 
0.97; health condition postpartum × time, P = 0.68; dry period dietary treatment × health condition 
postpartum × time, P = 0.45. Panel C; postpartum NEL intake expressed as Mcal/d: dry period 
dietary treatment, P = 0.12; health condition postpartum, P < 0.01; dry period dietary treatment × 
health condition postpartum, P = 0.07; time, P < 0.01; dry period dietary treatment × time, P = 
0.99; health condition postpartum × time, P = 0.89; dry period dietary treatment × health condition 
postpartum × time, P = 0.36. 
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Figure 4.5. Least squares means and associated SEM for postpartum BCS of cows fed controlled 
energy (CE; high-fiber, low-energy diet formulated to supply 100% of NEL requirements for dry 
cows in late gestation) or a higher energy (HE; formulated to supply 150% of NEL requirements 
and fed ad libitum intake) diet during the dry period (panel A) and that were healthy or experienced 
disease postpartum (Panel B). Dry period dietary treatment, P = 0.05; health condition postpartum, 
P = 0.01; dry period dietary treatment × health condition postpartum, P = 0.09; time, P < 0.01; dry 
period dietary treatment × time, P = 0.05; health condition postpartum × time, P = 0.28; dry period 
dietary treatment × health condition postpartum × time, P = 0.31. 
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Figure 4.6. Least squares means and associated SEM for milk yield of cows fed controlled energy 
(CE; high-fiber, low-energy diet formulated to supply 100% of NEL requirements for dry cows in 
late gestation) or a higher energy (HE; formulated to supply 150% of NEL requirements and fed 
ad libitum intake) diet during the dry period and that were healthy or experienced disease 
postpartum. Dry period dietary treatment, P = 0.20; health condition postpartum, P < 0.01; dry 
period dietary treatment × health condition postpartum, P = 0.10; time, P < 0.01; dry period dietary 
treatment × time, P = 0.57; health condition postpartum × time, P = 0.69; dry period dietary 
treatment × health condition postpartum × time, P = 0.36. 
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Figure 4.7. Least squares means and associated SEM for 3.5% FCM, ECM, and lactose of cows 
that remained healthy or experienced disease postpartum. Panel A; 3.5% FCM: dry period dietary 
treatment, P = 0.48; health condition postpartum, P = 0.06; dry period dietary treatment × health 
condition postpartum, P = 0.28; time, P = 0.03; dry period dietary treatment × time, P = 0.82; 
health condition postpartum × time, P = 0.13; dry period dietary treatment × health condition 
postpartum × time, P = 0.62. Panel B; ECM: dry period dietary treatment, P = 0.46; health 
condition postpartum, P = 0.05; dry period dietary treatment × health condition postpartum, P = 
0.30; time, P = 0.04; dry period dietary treatment × time, P = 0.68; health condition postpartum × 
time, P = 0.10; dry period dietary treatment × health condition postpartum × time, P = 0.69. Panel 
C; milk lactose yield: dry period dietary treatment, P = 0.43; health condition postpartum, P =  
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Figure 4.7. (cont.) 
0.03; dry period dietary treatment × health condition postpartum, P = 0.34; time, P < 0.01; dry 
period dietary treatment × time, P = 0.79; health condition postpartum × time, P = 0.08; dry period 
dietary treatment × health condition postpartum × time, P = 0.74. 
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CHAPTER 5 
SUMMARY, CONCLUSIONS, AND PERSPECTIVE 
 
The transition from late pregnancy to lactation represent an enormous metabolic 
challenge for dairy cows. Most metabolic disorders and infectious diseases that compromise 
health, production, and reproduction of dairy cows occur during the transition period. Incidence 
of metabolic disorders during the transition period has been associated with excessive energy 
intake during the dry period. The overall objective of this dissertation was to evaluate the effect 
of feeding a CE diet at ad libitum intake or a HE diet fed at either ad libitum or RE during the 
dry period on production and metabolic responses of cows that remained healthy or experienced 
disease postpartum. 
Thirty-eight multiparous Holstein pregnant cows were selected during late lactation and 
randomly assigned to 1 of 3 dry period diets in a randomized complete block design. Cows were 
blocked regarding parity, previous lactation 305-d mature-equivalent milk yield, BW, BCS, and 
expected day of calving. Dietary treatments applied at the time of drying off were: 1) CE (NEL = 
1.38 Mcal/kg; n = 17), high fiber diet offered for ad libitum intake and formulated to supply 
100% of the NRC (2001) requirements for NEL and all nutrients; 2) HE (NEL =1.58 Mcal/kg; n = 
11), offered for ad libitum intake and formulated to supply at least 150% of the NEL 
requirements (NRC, 2001); and 3) RE (NEL =1.58 Mcal/kg; n = 10), offered to 80% of cows’ 
calculated NEL requirement (NRC, 2001) by controlled intake of the HE ration. Cows remained 
on these dietary treatments from the time of dry-off through parturition. A common lactation 
ration was fed to all cows from parturition until d 28. 
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After parturition, some cows experienced successful transition whereas others 
experienced metabolic disorders or infectious diseases. Our initial approach was to evaluate the 
performance of healthy cows postpartum. Cows were classified as healthy if they were free of 
displacement of abomasum, retained placenta, metritis, or milk fever. Analysis of data from 
healthy cows (Chapter 2) revealed that cows fed ad libitum had greater intakes of DM and NEL 
than cows subjected to restricted feeding. Although DMI prior to parturition significantly 
decreased in ad libitum fed compared to restricted fed cows, the decrease in NEL intake was 
lower in CE than in HE cows. Therefore, feeding a CE compared to a HE diet at ad libitum 
intake throughout dry period prevented cows from overconsuming energy. Consequently, 
absolute BW gain was greater in HE compared to CE and RE fed cows, even though changes in 
BCS did not occur. Blood metabolites (glucose, NEFA, and BHB), insulin, Ca, and Mg 
measured 5 d before and 5 d after parturition were not affected by dry period dietary treatment. 
These findings suggest that production and metabolic responses were not affected by dry period 
energy intake in cows that remained healthy, that is, free of displacement of abomasum, retained 
placenta, metritis, or milk fever. 
Analysis of data from GTT and IC in healthy cows (Chapter 3) revealed no differences in 
PIAUC for glucose and insulin or NAAC for NEFA after infusion of glucose on GTT prepartum 
among treatments. On IC prepartum, greater insulin concentration and greater PIAUC for insulin 
were observed after insulin infusion in RE than HE. Despite greater insulin concentration, the 
NAAC for glucose did not differ among RE and HE. This suggested lower insulin sensitivity and 
unaltered insulin responsiveness in cows fed restricted amounts of feed once daily. The NAAC 
for NEFA after insulin infusion was greater in CE than HE. On IC postpartum, no differences 
were observed in PIAUC for insulin or NAAC for glucose and NEFA after insulin infusion 
158 
 
among treatments. On GTT postpartum, before infusion of glucose, lower insulin concentration 
and greater NEFA concentration were observed in HE than CE or HE than RE suggesting greater 
lipid mobilization in HE. After infusion of glucose, greater PIAUC for insulin was observed in 
RE compared to HE. Similar PIAUC for glucose despite greater PIAUC for insulin confirmed 
lower insulin sensitivity and unaltered insulin responsiveness in RE than HE. Compared to CE, 
cows fed HE had greater PIAUC for glucose and lack of differences in PIAUC for insulin which 
indicated lower glucose clearance and lower insulin responsiveness in HE. Cows fed RE 
experienced induced insulin resistance stage possibly to spare glucose for placenta and mammary 
gland tissues, as a result of greater circulating NEFA due to restricted feeding, or a combination 
of both. However, greater mobilization of lipid in RE was not supported by the concentration of 
NEFA measured before GTT and IC. On the other hand, lower glucose clearance and lower 
insulin responsiveness in HE compared to CE was likely the result of greater circulating NEFA. 
Because there were few differences in production and metabolic responses among dietary 
treatments in healthy cows, a second approach was to evaluate the performance of cows 
considering their health condition after parturition (Chapter 4). Cows that suffered one or a 
combination of metabolic disorders (displacement of abomasum, retained placenta, metritis, and 
milk fever) were classified as diseased cows; whereas, those that were free of the aforementioned 
disorders were classified as healthy cows. This classification variable was forced into the model 
along with the effect of treatment, time, and their interaction. Interestingly, few cows (n = 1) 
suffered metabolic disorders on the RE diet; therefore, this treatment was excluded from the 
present analysis. Results indicated that feeding moderate to high energy diets at ad libitum intake 
allowed cows to consume energy beyond their NEL requirement. On the other hand, cows fed CE 
diet throughout the dry period consumed DM at ad libitum intake without greatly exceeding their 
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NEL requirement. Our findings also indicated that cows with greater BW at dry-off were more 
likely to experience disease and had poor performance postpartum. As expected, cows that 
experienced disease had lower DMI, NEL intake, and EB postpartum. These same cows 
experienced greater loss of BW and BCS, and consequently, lower BCS postpartum. 
Additionally, cows that experienced disease postpartum had significant lower yields of milk, 
3.5% FCM, and ECM, as well as lower concentrations and yields of protein and lactose. The 
novel finding from our study was that, among cows that experienced disease postpartum, those 
fed CE during the dry period had greater postpartum intakes of DM and NEL than those fed HE. 
The possibility that CE diets might modulate some of the effects of disease on productivity 
compared with those previously fed HE is an important area for future investigation. 
The present study is unique in the sense that it compared 3 nutritional strategies for the 
dry period, each as a one-group feeding strategy (there was not separation of far-off and close-up 
feeding). Most of the research that has evaluated nutritional strategies during the dry period has 
compared controlled energy diets with high energy diets or ad libitum feeding compared to 
restricted feeding. Most of the studies separated the dry period in far-off and close-up. 
Additionally, the present study highlights that if cows have successful transition from late 
pregnancy to lactation, the performance was similar regardless of the dry period nutritional 
strategy. However, under the presence of risk factors (overweight and heat stress) that lead to 
turbulent transitions from late pregnancy to lactation, cows fed CE performed better than cows 
fed HE. Although restricted feeding during the dry period has generated favorable results in 
research trials, not many studies have evaluated its effect on insulin resistance. In the present 
study, cows fed restricted amount of feed once daily showed lower insulin sensitivity with 
unaltered insulin responsiveness. The fact that restricted fed cows had successful transition (did 
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not experienced displacement of abomasum, retained placenta, metritis, or milk fever 
postpartum) suggests that lower insulin sensitivity was the result of an induced insulin resistance 
stage to spare glucose for placenta and mammary gland tissues rather than a pathological event. 
Further research is required to confirm whether insulin resistance in cows fed RE, 
compared CE and HE, is due to sparing glucose for placenta and mammary gland tissues or the 
product of increased fat mobilization, or a combination of both. This might be accomplished by 
assessing the gene expression of proteins involved in the insulin signaling, fatty acid synthesis, 
and lipolysis pathways (Table 5.1) in collected tissues samples (liver and adipose tissue) at d −14 
and 14 relative to calving. A further analysis of glucose, insulin, and NEFA concentration in the 
samples collected during GTT and IC performed in cows that experienced turbulent transition 
would allow us to evaluate and compare insulin sensitivity and insulin responsiveness in cows 
that remained healthy or succumbed to disorders or disease. Additionally, gene expression of 
proteins involved in the insulin signaling, fatty acid synthesis, and lipolysis pathways could be 
performed in collected tissues samples (liver and adipose tissue) at d −14 and 14 relative to 
calving in sick cows. 
The fact that the experiment was conducted mostly during the summer, under moderate to 
severe heat stress, provided the opportunity to study the effects of nutritional strategies during 
the dry period on heat dissipation. This can be accomplished, for example, by assessing the gene 
expression of proteins related to thermoregulation and vasodilation in collected skin tissue 
samples at d −14 and 14 relative to calving. 
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TABLE 
Table 5.1. Genes according to biological functions  
Gene symbol Description Accession # 
Glucose transporters (facilitative energy-independent glucose transporters; GLUT) 
   SLC2A4 GLUT 4: solute carrier family 2  NP_777029 
Insulin signaling pathway 
   INSR  Insulin receptor XM 005208815.3 
   IRS1 Insulin receptor substrate 1 XM_003581871 
   IRS2 Insulin receptor substrate 2 XM_015465831 
   p85 alpha Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic 
subunit alpha (PIK3CA) 
NM_174574 
   p85 beta phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic 
subunit beta (PIK3CB) 
NM_001206047 
   IGFBP1 Insulin like growth factor binding protein 1 NM_174554.3 
   IGFBP2 Insulin like growth factor binding protein 2 NM_174555.1 
   INSIG2 Insulin induced gene2 XM_003585754.4 
   NR4A1 Nuclear receptor XM_005206219.3 
Inflammatory regulators 
   TNFa Tumor Necrosis Factor alpha NM_173966 
   IL6 Interleukin 6 NM_173923 
   IL10 Interleukin 10 NM_174088 
   MCP1/CCL2 Monocyte-chemoattractant protein 1  
   RETN Resistin NM_183362 
   ADIPOQ Adiponectin NM_174742 
   ADIPOR1 Adiponectin receptor 1 NM_001034055 
   ADIPOR2 Adiponectin receptor 2  NM_001040499 
Lipid metabolism, fatty acid oxidation and lipolysis 
   PPARG Peroxisome proliferator-activated receptor gamma NM_181024.2 
   Leptin Leptin NM_173928 
   LIPE Hormone-sensitive lipase NM_001080220 
   FABP4 FA-binding protein 4 NM_174314 
   PLIN1 Perilipin NM_001083699 
   CPT1A Carnitine palmitoyl transferase 1 FJ415874 
   CPT2 Carnitine palmitoyl transferase 2 NM_001045889 
Fatty Acid Synthesis 
   SCD Stearoyl-CoA desaturase 1 NM_173959 
   ACACA Acetyl CoA carboxylase  NM_174224 
   FASN Fatty Acid synthase AY343889 
Housekeeping 
   GAPDH Glyceraldehyde-3-phosphate dehydrogenase NM_001034034.2 
   ACTB Beta actin  NM_173979.3 
   B2M Beta-2-microglobulin NM_173893.3 
 
